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Abstract 
 
 The drive for miniaturisation of electronic circuits provides new materials challenges 
for the electronics industry. Indeed, the continued downscaling of transistor dimensions, 
described by Moore’s Law, has led to a race to find suitable replacements for current 
interconnect materials to replace copper. Carbon nanotubes have been studied as a suitable 
replacement for copper due to its superior electrical, thermal and mechanical properties. 
One of the advantages of using carbon nanotubes is their high current carrying capacity 
which has been demonstrated to be three orders of magnitude greater than that of copper. 
Most approaches in the implementation of carbon nanotubes have so far focused on the 
growth in vias which limits their application. In this work, a process is described for the 
transfer of carbon nanotubes to substrates allowing their use for more varied applications.  
 Arrays of vertically aligned multiwalled carbon nanotubes were synthesised by photo-
thermal chemical vapour deposition with high growth rates. Raman spectroscopy was used 
to show that the synthesised carbon nanotubes were of high quality. The carbon nanotubes 
were exposed to an oxygen plasma and the nature of the functional groups present was 
determined using X-ray photoelectron spectroscopy. Functional groups, such as carboxyl, 
carbonyl and hydroxyl groups, were found to be present on the surface of the multiwalled 
carbon nanotubes after the functionalisation process. The multiwalled carbon nanotubes 
were metallised after the functionalisation process using magnetron sputtering. 
 Two materials, solder and sintered silver, were chosen to bind carbon nanotubes to 
substrates so as to enable their transfer and also to make electrical contact. The wettability 
of solder to carbon nanotubes was investigated and it was demonstrated that both 
functionalisation and metallisation were required in order for solder to bond with the carbon 
nanotubes. Similarly, functionalisation followed by metallisation was critical for bonding 
carbon nanotubes to sintered silver. A step by step process is described that allows the 
production of solder-carbon nanotubes and silver-carbon nanotubes interconnects. 
 v 
 
 4-point probe electrical characterisation of the interconnects was performed and the 
interconnects were shown to have a resistivity of 5.0 × 10-4 Ωcm for solder-carbon 
nanotubes and  5.2 × 10-4 Ωcm for silver-carbon nanotubes interconnects. Ramp to failure 
tests carried out on solder-carbon nanotubes interconnects showed current carrying capacity 
of 0.75 MA/cm2, only one order of magnitude lower than copper. 
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 Introduction to Nano-carbon Electronic Interconnects 
1.1. Background to Nano-carbon Electronic Interconnects 
In 1965, Gordon E. Moore first observed that the number of transistors on integrated 
circuits (ICs) doubled every 18 months. This observation has held true for the last forty years 
and is now used by the micro-electronics industry as a target for the future of the industry1-2.  
With this drive for miniaturisation, there has also been a drive for increasing speed whilst 
reducing power consumption. As the number of components increases, the energy density 
of the chip and the number of interconnects per unit area also increases. Hence, the length 
and width of the interconnects must decrease for smaller technology nodes. 
 There are a number of problems associated with this decrease in size. Firstly, the 
maximum current density carried by copper is of the order of 6 x 106 A/cm2 before failure due 
to electromigration. Current on-chip vertical interconnects make use of copper vias. 
Damascene technology consists of a tantalum layer surrounding the copper material in the 
vias so as to prevent diffusion of the copper into the surrounding materials, hence making 
the vias more stable. Electromigration and stress are a major source of electrical failure3. 
Electromigration is considered to be the result of momentum transfer from the electrons, 
which move in the applied electric field, to the ions which make up the lattice of the 
interconnect material. Due to continuing miniaturization of very large scale integrated (VLSI) 
circuits, thin-film metallic conductors or interconnects are subject to increasingly high current 
densities. Under these conditions, electromigration can lead to the electrical failure of 
interconnects in relatively short times, reducing the circuit lifetime to an unacceptable level4. 
The International Technology Roadmap for semiconductors (ITRS) predicted, some ten 
years ago, that the current density in metal lines would exceed the maximum current density 
of bulk copper for very-large-scale-integration (VLSI) circuits, by the year 2012.  
Secondly, time delays in ICs are not dominated by the switching time constant of the 
transistor but the RC time constant of the interconnects5. This is dependent on the 
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resistance of the interconnects and the capacitance of the surroundings. This serious 
performance issue was already predicted in the mid-90s and it is still a problem today. As 
the size of the interconnect decreases, the resistance increases, hence increasing the time 
delay of the signal. Lastly IC size reduction is inversely proportional to device density and 
hence the number of input/output (I/O) pins increases causing a reduction in pin pitch6. 
Technical challenges in the areas of power delivery, thermo-mechanical reliability, heat 
dissipation and I/O density are the difficulties faced by the micro-electronics industry with 
regards to electronic packaging. According to the ITRS, the number of packaged I/O pins per 
chip will continue to increase by about 10% every year7.  
The I/O pins have traditionally been made out of solder and the trend in flip-chip and 
ball grid array (BGA) packaging is to increase I/O count. This causes the interconnecting 
solder joints to decrease in size and current densities to increase. The increasing use of 
system on chip and power semiconductors further increases the current densities causing 
electromigration8. For a 50 μm diameter interconnect carrying a current of 0.2 A, the current 
density is of the order of 1 x 104 A/cm2. This current density can be accommodated by 
materials such as Cu and Al, but not solder due to its lower melting temperature and 
therefore greater atomic diffusivity9.  
Copper pillar bumps10 are another structure used as interconnections. They have 
superior thermal transport to solder bumps and can be made to much smaller dimensions 
(30-80 μm)11. However, at these dimensions, they are susceptible to electromigration and 
coefficient of thermal expansion (CTE) mismatch between the substrate and the component. 
The most difficult challenge for interconnects is the introduction of new materials that meet 
the wire conductivity requirements and reduce dielectric permittivity. Different solutions have 
been proposed to improve the performance of interconnects. Amongst those are the use of 
optical lines and 3D integration. There is an urgent need for a paradigm shift for future 
electronics. New technology needs to be prototype tested if it is to be incorporated in the IC 
manufacture for 2019/20.  
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One of the most fascinating materials, described as having great promise for 
interconnect applications, are carbon nanotubes (CNTs). First proposed in 1991 by Iijima, 
who described CNTs as helical microtubules of graphitic carbon12, they have been, and 
continue to be, the subject of major research in order to be used in VLSI interconnects. The 
extraordinary properties exhibited by metallic CNTs, which arise from their perfect self-
organised crystal structure, make these materials attractive candidates for electrical 
interconnects. 
1.2. Aims of the Nano-carbon Electronic Interconnects project 
The Carbon Nanostructures for Electrical Interconnects (NEI) project was set up after 
ground-breaking work carried out by the University of Surrey led to the development of a 
system allowing the growth of CNTs on substrates maintained at temperatures compatible 
with complementary metal-oxide semiconductor (CMOS) technology. One aim of the project 
is to develop methodologies for implementation of CNTs, synthesised at low temperature, as 
interconnects, in accordance with the ITRS roadmap.  
The NEI research programme is subdivided into three main aspects: 
 To develop methodology for interconnect fabrication using CNTs aimed at level 1 and 
level 2 packages* 
 To develop or adapt existing metrology for the characterisation of carbon nanotube 
interconnects 
 To characterise the electrical properties and behaviour of carbon nanotube 
interconnects 
(* see Appendix 1 for description of package levels) 
1.3. Carbon nanotubes integration requirements 
 In order to be a viable replacement for current materials, certain requirements must 
be fulfilled when applying CNTs to integrated circuits and packaging of integrated circuits. 
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First and foremost, the electrical performance needs to match that of copper, if not better it. 
Secondly, the implementation of the CNTs for large scale manufacturing should be carried 
out with existing equipment and manufacturing techniques. Thirdly, the temperatures of 
synthesis of high quality CNTs should be sufficiently low (~400 °C) to be compatible with 
CMOS applications if the CNTs are to be grown directly onto devices. 
1.4. Thesis Structure 
 The work presented in this thesis is centred on the development of a novel process 
to manufacture, modify and bond CNTs with the ultimate goal of producing interconnects 
which have good electrical performance. Figure 1.1 shows a schematic diagram of the 
proposed process for the manufacture of interconnects using multiwalled carbon nanotubes 
(MWCNTs). Most of the work carried out in this thesis is about the development and refining 
of the process to its final state as shown in Figure 1.1. 
 In Chapter 2, previous work on CNTs to assess their suitability for interconnect 
applications is reviewed. A review synthesis methods for MWCNTs was also carried out. In 
addition, previous work on functionalisation is discussed. Finally, the suitability of sintered 
silver as a binding method was discussed. Steps 2 and 3 in Figure 1.1 refer to the synthesis 
of CNTs which is discussed in Chapter 3. In addition, the characterisation of the MWCNTs 
using Raman spectroscopy, scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) is discussed. In Chapter 4, a detailed investigation into the 
functionalisation of MWCNTs using oxygen plasma is presented (step 3 in Figure 1.1). The 
characterisation of the functionalised MWCNTs using Raman spectroscopy and X-ray 
photoelectron spectroscopy (XPS) is presented. The metallisation of the MWCNTs is 
investigated in both Chapters 4 and 5 and wettability testing is performed in Chapter 5 in 
order to optimise the wetting of solder to the MWCNTs.  
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Figure 1.1: Schematic diagram of proposed process steps for the fabrication of interconnects 
using MWCNTs. 
 In Chapter 6, stages 5 – 8 of Figure 1.1 are discussed, where the bonding of 
functionalised and metallised MWCNTs is investigated using solder and sintered silver. 
Electrical characterisation data is presented as well as an investigation into the performance 
of the interconnects at high temperatures. Chapter 7 summarises the key findings of this 
work and provides recommendations for potential future work. 
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 A literature review of carbon nanotubes and their 
properties 
2.1. Introduction 
In this Chapter a focused literature review is presented on the aspects relating to this 
work. An overview of the characteristics of CNTs, with particular focus on their electrical 
transport capabilities, is discussed first. 
Secondly a review of growth mechanisms and methods are presented. In order to 
incorporate MWCNTs in CMOS circuits, the growth temperature should be kept below 400 
ºC, so as to prevent degradation of the semiconductor devices. The eventual goal is to grow 
MWCNTs directly onto transistors, or other semiconductor devices, with relatively low 
contact resistance, low power dissipation and good thermal conductivity without degradation 
of signal strength. The synthesis of CNTs has expanded over the last few years, with many 
companies developing large scale production capabilities. In parts of this project, CNTs from 
commercial sources were procured for use in experiments but the main aim was to 
synthesise MWCNTs. Finally, existing methods for the modification of carbon nanotubes in 
order to successfully bind them to substrates are discussed. 
2.2. Overview of types of carbon nanotubes 
 Carbon has the electronic configuration 1s22s22p2. The electrons in the 2s and 2p 
orbitals can re-arrange themselves into an sp3 hybridised state when one of the 2s electrons 
is promoted to the 2p orbital. Four equally spaced orbits are formed which can form strong 
σ-bonds, like the ones in diamond. Graphene is another allotrope of carbon made up of a 
two dimensional hexagonal lattice of sp2 hybridised carbon atoms. In this case, the one 2s 
and two 2p orbitals from in-plane σ-bonds and the remaining electron can form out-of-plane 
π-bonds. Graphene forms the basis for C-60, CNTs and graphite. 
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 There are two types of CNTs namely single-wall carbon nanotubes (SWCNTs) and 
multi-wall carbon nanotubes (MWCNTs). The structure and properties of SWCNTs and 
MWCNTs are discussed in the following sub-sections. 
2.2.1. Single-wall carbon nanotubes 
SWCNTs can be pictured as a single layer of graphene rolled up to form a tubular 
structure. The manner in which the tube is rolled up gives the SWCNTs different properties. 
The bonding is similar to that of graphene except for the fact that the curvature of the plane 
of atoms distorts the orbitals making stronger σ-bonds and loosely bound electrons in the π-
bonds. 
The manner in which the graphene plane is folded influences the properties of the 
tubes and is represented by the indices (n,m) with associated unit vectors a1 and a2 in the 
hexagonal lattice. The basis vectors 𝑎1 = 𝑎(√3, 0) and 𝑎2 = 𝑎 (
√3
2
⁄ , 3 2⁄ ) where a is the 
carbon to carbon bond length and is equal to 0.142 nm. These define the wrapping angle of 
the SWCNT. The chiral vector ch is given by the equation 2.1: 
𝑐ℎ = 𝑛𝑎1 + 𝑚𝑎2     (2.1) 
Figure 2.1a illustrates the position of the unit vectors in the honeycomb lattice. 
Armchair configurations are obtained when n = m, zigzag configurations are obtained when 
m = 0 and all other combinations yield chiral SWCNTs. The different configurations are 
shown in Figure 2.1b. SWCNTs usually have diameters between 0.6 and 3 nm but their 
lengths can be hundreds of μm. They are also one-dimensional structures with respect to 
electron transport due to the confinement of electrons to regions comparable to their de 
Broglie wavelength13. 
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Figure 2.1: a) Position of unit vectors in the honeycomb lattice of SWCNTs, b) Three different 
configurations obtained for different values of n and m (fig.1, vibrational analysis of carbon nanotubes 
using molecular and artificial neural network, Physica E: Low dimensional systems and nanostructures, 
Vol 44, Issue 3, 2011. Copyright 2017, with permission from Elsevier [14]). 
 The band structure of a carbon nanotube depends on its chirality. For all armchair (n, 
n) tubes, there are two bands that cross the Fermi level (EF) and are metallic. An (n,m) 
SWNT is metallic if n − m = 3i, where i is a non-zero integer. Although a band-gap of a few 
meV exists in these tubes, this is easily overcome at room temperature15. In all other cases 
the CNT is semiconducting, with no bands crossing the Fermi level.  In the case of 
semiconducting SWCNTs, the band-gap (Eg) is inversely proportional to the diameter. Wide 
tubes will thus exhibit (semi-)metallic behaviour at room temperature due to a band-gap 
which can be overcome by the thermal energy of the electrons16. The band structures of 
SWCNTs depend on their chirality, except for those with diameters less than 0.8 nm17. A 
diagram of the band structure of SWCNTs is shown in Figure2.2. 
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Figure 2.2: Diagram of the band structure of metallic (Left) and semiconducting SWCNTs 
(right) © 2011 Bahari A. Published in reference [18 – chapter 1 figure 3] under CC BY-NC-SA 3.0 
license. Available from: http://dx.doi.org/10.5772/16796 
2.3. Summary of the properties of CNTs 
 Carbon nanotubes have been widely investigated for their electrical19-20, thermal21 
and mechanical22 applications due to their exceptional anisotropic properties23-26. 
Applications include heat sinks27, microelectronic interconnects28 and structural 
composites29. These properties are discussed in more detail in the sub-sections below. 
2.3.1. Electrical properties of carbon nanotubes 
2.3.1.1. Quantised electrical conductance of carbon nanotubes 
 
A wire behaves as an electron wave guide when the mean free path λmfp of the 
electrons is larger than the wire’s length L. Each conduction channel contributes a quantised 
amount G0 of the conductance of the wire. G0 (~
1
12.9
 KΩ-1) is the quantum conductance of a 
one-dimensional channel, independent of the material properties or dimensions of the wire, 
and is given by equation 2.2: 
𝑮𝟎 =
𝟐𝒆𝟐
𝒉
             (2.2) 
where e is the electronic charge and h is Plank’s constant. 
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The general formula for conductance is given by the Landauer formula as shown by 
equation 2.3. 
𝐺 = 𝐺0𝑇𝑀(𝜇)      (2.3) 
 
where T is the transmission probability per conducting channel and M(µ) is the number of 
conducting channels30.  In the case of SWCNTs, M(µ) depends on the chirality and the 
diameter of the tubes. For metallic SWCNTs M(µ) = 2 as there are 2 conduction channels31. 
For SWCNTs with perfect metal contacts (T = 1), the resistance value can be found to be 
6.45 KΩ.  
 For semiconducting SWCNTs at room temperatures, the bandgap for a 
semiconducting tube Eg is given by equation 2.4 
𝐸𝑔 =
2𝑟𝑐𝑐𝛾
𝐷
            (2.4) 
where rcc is the C─C bond length (0.142 nm), ᵞ is the C─C hopping constant (2.5 – 3.2 eV)32-
36 and D is the diameter of the SWCNT. The bandgap for a semiconducting SWCNT of 1 nm 
diameter can then be calculated to be ~ 0.8 eV in good agreement with values obtained 
experimentally. This therefore means that no conduction bands are available at room 
temperature for semiconducting SWCNTs26. 
2.3.1.2. Multiwalled Carbon nanotubes 
 MWCNTs consist of multiple concentric cylindrical shells of graphene. The inner 
spacing of the different layers is approximately 0.34 nm. However, the spacing of the shells 
increases with increasing diameter37. Ballistic transport in MWCNTs was demonstrated in an 
experiment by Frank et al. whereby a bundle of MWCNTs was attached to a gold wire before 
being lowered into a mercury bath38. A potential difference was applied between the gold 
wire and the mercury bath and the conductance was measured as a function of the MWCNT 
immersion length. The conductance was found to jump to G0 upon contact between the 
longest MWCNT and the mercury, and remained at G0 as the immersion depth increased. 
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The conductance was seen to further increase in steps of G0 as subsequent MWCNTs made 
contact with the mercury. These observations were subsequently confirmed by Poncharal et 
al.39 and Berger et al.40. 
 Interestingly, the conductance measurements made by the groups mentioned above 
always increased in steps of 1G0 as each MWCNTs made contact with the metal. As 
mentioned before, each carbon layers is expected to contribute 2G0 to the total conductance 
of the CNT. Moreover, each MWCNT consists of multiple carbon tubes, with a proportion of 
the tubes being metallic in nature. Assuming random chirality distribution of the multiple 
tubes in a MWCNTs, approximately one third of the tubes will be metallic. The diameter of 
the tubes are also expected to increase and therefore, more of the tubes will have bands 
with energies close to the Fermi energy (the bandgap can thus be easily overcome at room 
temperature) or greater than the Fermi energy, making most of the semiconducting tubes 
within the MWCNT semi-metallic26.  
 A study of the Aharonov-Bohm oscillations in MWCNTs by Bachtold et al.41 
concluded that the current flowing in a MWCNT will only flow on the outermost layer of the 
MWCNT if contact is only made with the outermost shell. In the case of the conductance 
experiments carried out by Frank et al. liquid mercury was used as a method to make 
contact with the CNTs. The mercury only made contact with the outermost shells as the 
inner shells were not exposed. Hence a conductance of 2G0 is expected as opposed to 
2NG0 where N is the number of shells in the MWCNT. 
 Interaction between shell within the carbon nanotube and/or interactions between 
MWCNTs is thought to be responsible for the reduction in the conductance42-44 from 2G0 to 
G0. Other factors such as tube quality also influence the value of conductance by affecting 
the bandgap of the conducting channels; the inter-tube coupling is thought to induce a small 
bandgap45-46 in metallic CNTs. 
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2.3.1.3. The resistance of carbon nanotubes 
 The total resistance of a nanotube device is the sum of the length-independent term 
for the contact resistance, RC, and a length-dependent term Rtube can be written as : 
𝑅𝑐𝑛𝑡 = 𝑅𝑐 + 𝑅𝑡𝑢𝑏𝑒     (2.5) 
Where Rc ≥ h/4e2 (6.45 kΩ). This is the theoretical limit for Rc only achieved in the case of 
fully transparent contacts47. Rtube can be expressed as: 
𝑅𝑡𝑢𝑏𝑒 = 𝑟𝑐𝑛𝑡𝐿            (2.6) 
 
Where rcnt is the incremental resistivity per unit MFP. High quality CNTs have been shown to 
exhibit ballistic conduction behaviour over lengths of several µm48. However, when the 
length L of the MWCNT exceeds the mean free path λmfp, the resistance of the tube 
becomes length dependent. The overall resistance of a nanotube interconnect is given by 
equation 2.7 below. 
𝑅 =
(𝑅𝑐+𝑟𝑐𝑛𝑡𝐿)
𝑛
                (2.7) 
Where n is the number of walls49. Assuming SWCNTs with lengths less than 1 MFP, it can 
be calculated that the resistance of a single tube would be ~ 6.45 KΩ. These conditions are 
only true for defect-free CNTs with lengths less than 1MFP. In realistic systems, defects will 
always be present, their lengths will be longer than the MFP and phonon scattering will 
increase at higher temperatures. Hence, if SWCNTs are to be used in interconnect 
structures, a high density vertically aligned SWCNT bundle is to be used in order to 
maximise the number of walls in contact with their targets. In the case of CNTs used in vias 
or for free standing CNTs, the resistance of the bundle Rbundle can calculated to be: 
𝑅𝑏𝑢𝑛𝑑𝑙𝑒 =
(𝑅𝑐+𝑟𝑐𝑛𝑡𝐿)
𝑛
1
𝑁𝐶𝑁𝑇
          (2.8) 
Where NCNT is the number of CNTs in the bundle. Hence, for rcnt > 0, electron transport 
within the CNT is no longer ballistic and becomes diffusive. The resistance of the CNT hence 
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becomes length dependent. The momentum of the electrons are altered by scattering events 
for lengths greater than λmfp50. 
 MWCNTs have several concentric shells that can all participate in conduction should 
suitable contact be made to them. However, it is widely reported that only one third of the 
available shells are metallic with the rest being semi-conducting. The semiconducting shells 
can still contribute to conduction but will have higher resistivities thanks to Shottky barriers at 
the interfaces47. For systems where the resistances are measured experimentally and the 
resistivity of the MWCNTs subsequently calculated, it is expected that the values of the 
resistivity obtained would increase if additional walls are contacted. 
 Topological defects in the form of vacancies are present during the growth process. 
These vacancies have been shown to affect the ballistic transport of electrons within the 
CNTs51-52. If nc is the number of randomly distributed vacancies along a CNT, then  λmfp 
decreases15 by a factor of ~ 1/𝑛𝑐 which in turn increases the resistance of the CNTs. 
2.3.1.4. Contact resistance 
 The contact resistance of CNT-metal junction has been a big obstacle in the 
implementation of CNTs as interconnects. Contact resistance can be explained by the fact 
that scattering of electrons takes place at the interface between the metal electrode and the 
MWCNTs. More recently, Nihei et al. have reported resistance as low as 0.7 Ω for bundles of 
about 1000 MWCNTs in contact with Ti electrodes53. Mann et al. have also reported good 
ohmic contacts between Pd electrodes and CNT48 via side-wall contact. 
2.3.2. Mechanical properties of carbon nanotubes 
Both Theoretical calculations and experimental studies have shown that CNTs are 
stiffer than diamond54-56. Graphene has an elastic modulus of 1000 GPa which is 5 times 
that of steel and, since CNTs are rolled up graphene sheets, it is expected that the elastic 
modulus of CNTs would be comparable to that of graphene. The Young’s modulus of  CNTs 
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have been determined by studies of tensile load of CNTs using AFM and have shown values 
ranging from 320 GPa to 1470 GPa57. This is in agreement with other values determined by 
the study of vibrations of CNTs, at room temperature, using a TEM58. However, theoretical 
studies are based on ideal CNTs and defects are expected to reduce these values59. 
2.3.3. Thermal properties of CNTs 
 Graphene and diamond both have low specific heat capacities and high thermal 
conductivities. Hence CNTs are also expected to show the same behaviour due to their 
graphitic nature. The effects of phonon quantization are apparent at low temperature, but at 
high temperatures specific heat capacity are similar to that of two dimensional graphene60. In 
MWCNTs, inter-shell coupling result in low temperature specific heat capacity that approach 
that of three-dimensional graphite61. The thermal conductivity of MWCNTs have been 
measured to be 3000 Wm-1K-1 by Kim et al.62. This value is high in comparison to traditional 
interconnect materials such as copper (385 Wm-1K-1). Downscaling of the dimensions of 
microprocessors have paused new challenges in terms of thermal management and heat 
dissipation and hence the high thermal conductivity of MWCNTs may be useful59. 
2.4. Review of the synthesis methods of carbon nanotubes 
2.4.1. Overview of different synthesis methods 
 There are three main ways of synthesising CNTs namely by laser ablation, arc 
vaporisation and chemical vapour deposition method (CVD). A brief review on the growth 
methods commonly used for the synthesis of CNTs is presented here. 
2.4.1.1. Laser ablation 
 In this method, a laser is used to vaporise a graphite target mixed with a transition 
metal alloy (normally Co-Ni). The laser heats the target to about 1200 ºC63, which causes the 
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graphite to vaporise. The target is situated inside a quartz tube where a flow of argon gas 
carries the vaporised carbon atoms to a water-cooled copper collector, as shown in Figure 
2.3 below. The CNTs start to nucleate in the vapour phase and get carried downstream by 
the carrier gas to the copper collector where they condense and agglomerate 64. The quartz 
tube is itself situated inside a high temperature furnace (800 ºC) which maintains a 
temperature gradient. This temperature gradient helps in the synthesis of long CNTs.  This 
method produces mainly bundles of SWCNTs although MWCNTs can be synthesised by 
using pure graphite targets. A schematic of a typical laser ablation chamber is shown in 
Figure 2.3 (C). 
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Figure 2.3: Schematic representation of CNT synthesis methods. (A) Arc Discharge, (B) 
chemical vapour deposition and (C) laser ablation. Figure 11.2,The synthesis, application and 
related neurotoxicity of carbon nanotubes, Neurotoxicity of nanomaterials and nanomedicine. 
Copyright 2017, with permission from Elsevier [65]. 
2.4.1.2.  Arc vaporisation 
 In this method, cylindrical carbon electrodes (5 - 20 mm in diameter) are placed end 
to end with a separation of about 1 mm. A current of 50-120 A is passed across the 
electrodes at a voltage of 25 V DC. The electrodes are placed in a chamber with helium gas 
flowing with a flow rate of ~ 10 ml/s and at a pressure of 500 Torr. The high temperature (~ 
6000 ºC) induced by the arc discharge is sufficient to cause carbon atoms to sublimate from 
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the graphite cathode. Holes are drilled in the graphite anode and transition metals such as 
Fe, Ni and Co, which act as catalysts, are placed inside. The CNTs are formed on the 
cathode where the temperatures are the highest (~ 2500 ºC). The mechanism is based on 
energy transfer between the graphite material and an external radiation source. A schematic 
of a typical arc discharge chamber is shown in Figure 2.3 (A). 
 MWCNTs produced by carbon vaporisation using arc discharge or laser ablation 
generally have fewer defects than those produced by other techniques66. The high 
temperatures involved in the growth process cause any defects in the graphene layers to be 
annealed. The MWCNTs are thus perfectly straight with mechanical and electrical properties 
far superior to CVD methods.   
2.4.1.3.  Chemical vapour deposition 
 The synthesis of CNTs by CVD is based on the catalytic decomposition of carbon-
containing gases on catalysts. The growth process takes place at much lower temperatures 
than arc discharge or laser ablation, between 700 °C and 900 °C. CVD can yield high quality 
aligned MWCNTs at a fast rate. The CVD process is based on using an energy source, such 
as a furnace, a heater, infrared lamp, or hot filament, to decompose the carbon-containing 
gas and to provide energy for nucleation. Other methods such as plasma enhanced CVD 
(PECVD) use plasmas to aid gas decomposition but often produce defective carbon 
nanotubes.  
 During CVD67, a thin layer of catalyst is deposited on a substrate by magnetron 
sputtering to a thickness varying from a few nanometres to tens of nanometres. A catalyst is 
required to break down the carbon containing gases to form carbon atoms, which are then 
transported on the surface of the catalyst droplet where they reassemble to form CNTs. The 
catalysts used are normally transition elements, such as Fe, Ni and Co or compounds of 
transition elements, such as TiN. The substrate would normally be heated to a temperature 
of 700 ºC while a flow of a hydrocarbon gas is introduced in the chamber. The metal catalyst 
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film melts to form nano-droplets, which provides sites for the hydrocarbon gas to dissociate 
into carbon atoms. A plasma, induced in a gas using a strong electric field, is a common 
method employed to heat the substrate and catalyst layer to the required temperature. 
However, all CVD methods employ a higher temperature for growth than is suitable for 
CMOS applications. A schematic of a typical CVD chamber is shown in Figure 2.3(B).  
2.4.1.4. Synthesis of multi-walled carbon nanotubes at CMOS compatible 
temperatures 
 The growth of aligned MWCNT arrays at temperatures below 400 ºC has been 
reported by Shang et al68. This technique, named photo thermal chemical vapour deposition 
(PTCVD), uses an array of halogen lamps to heat the catalyst from the top while the 
substrate is kept cool using a water-cooled base (see Figure 2.4 below). PTCVD requires a 
flow of hydrogen gas and acetylene to flow during the growth process. The rate of flow of 
gases and their pressure will determine the dimensions of the MWCNTs produced. 
 
Figure 2.4: Schematic of the PTCVD chamber68 (Figure 1, High-Rate Low-Temperature Growth 
of Vertically Aligned Carbon Nanotubes. Nanotechnology 2010, 21. Copyright 2017, with 
permission from IOP). 
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2.4.2. Growth mechanism of carbon nanotubes 
The vapour-solid-solid model is the most accepted mechanism for the growth of CNTs 
whereby excess carbon from the decomposition of carbon-containing gases on the surface 
of the catalysts diffuses into the catalyst nanoparticle until the carbon solubility limit is 
reached, precipitates out and nucleates at the edges of the catalyst. For growth of CNTs on 
substrates, there are two main methods for growth, tip growth and base growth69.  
When the catalyst-substrate interaction is weak, the hydrocarbon molecules 
decompose on the top surface of the catalyst nanoparticles. The carbon then diffuses 
through catalyst nanoparticle and precipitates out at the bottom of the catalyst nanoparticle. 
The carbon nucleates to form the CNT under the catalyst nanoparticles, lifting the catalyst 
nanoparticle from the substrate. This is the tip growth method (Figure 2.5a). The growth 
eventually stops when the catalyst nanoparticle is covered with excess carbon. 
For base growth methods (Figure 2.5b), the adhesion of the catalysts nanoparticles 
with the substrate is strong. In the initial stages, hydrocarbon gases decompose on the top 
surface of the catalyst and the carbon produced diffuses through the catalyst until the point 
of saturation. However, the subsequent precipitation of the carbon atoms fails to push the 
catalyst nanoparticles up from the substrate. Hence nucleation takes place on the top 
surface of the catalyst where the carbon nanotube is formed. Subsequent decomposition of 
hydrocarbons take place on the lower peripheral surface of the catalyst and the carbon 
diffuses upwards. 
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Figure 2.5: Schematic of the (a) tip growth model: (i) lifting of catalyst nanoparticle due to 
carbon nucleation, (ii) growth of carbon nanotube pushing catalyst upwards and (iii) growth 
stopped due to capping of catalyst due to excess carbon and (b) base growth model: (i) 
nucleation of carbon above the catalyst with catalyst adhered to substrate and (ii) growth of 
carbon nanotube. Adapted from reference [69]. 
 The growth of CNTs using Ni catalyst with methane feedstock has been studied by 
in-situ TEM characterisation70 by Helveg et al.. In their study, a mechanism was proposed 
which involves surface diffusion of the carbon atoms on the surface of the Ni catalyst which 
results in the catalyst changing its shape. The nucleation and growth of graphene layers are 
assisted by the changes in the mono-atomic step edges on the Nickel surface. 
 First the Ni forms an elongated shape promoting the formation of graphene planes 
parallel to the surface of the Ni nanoparticle. The graphene sheets align themselves so that 
their walls are parallel to each other, hence forming a tubular structure. The Ni catalyst 
elongation carries on until an aspect ratio of ~4 (length/width) is reached after which the Ni 
then abruptly changes into a spherical shape. The elongation process then restarts as the 
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growth process carries on. Defects are thus induced during the growth process. Growth 
stops when the carbon atoms encapsulate the Ni catalyst. 
2.4.2.1. Substrates, catalysts and diffusion barrier layers 
 The diameter and type of carbon nanotube mainly depends on size of the catalyst 
used71 with catalyst particles  of the order of a few nanometres resulting in SWCNTs and 
larger particles resulting in the formation of MWCNTs. However, if the catalyst particles are 
too large, no CNT growth will occur. The metals which are most commonly used as catalysts 
are Fe and Ni due to their catalytic ability to decompose gaseous carbon compounds as well 
as the high rate of diffusion of carbon atoms through them72.  
 Catalyst nanoparticles are created by the deposition of a thin film of the catalyst (by 
sputtering or evaporation) on the substrate, of which the most popular are silicon wafers. 
This is followed by an annealing process at high temperature using a gas (such as hydrogen 
or argon) at a certain pressure. The nano-particles of catalyst are formed because three 
dimensional nanoparticles represent a lower energy state than a continuous thin film. 
Hydrogen gas can reduce any metal oxide layers that may have been formed during 
exposure to air. The thickness of the initial catalyst layer will determine the size of the 
catalyst particle formed during annealing. 
 Other methods have been employed for the deposition of catalysts on the substrate. 
The use of tetraethoxysilane (TEOS) as a precursor for the deposition of iron nanoparticles 
has been reported by W. Z. Li et al.73 to produce high quality aligned MWCNTs. The method 
involved using chemical solution deposition, also known as SOL-GEL. Analytical grade 
TEOS is mixed with ethyl alcohol, to which iron nitrate is added. The mixture is stirred for 30 
minutes using a magnetic stirrer and then concentrated hydrogen fluoride is added. The 
resulting mixture is dried for 1 week at 60 ºC to remove any solvents and water present This 
is followed by calcination at 450 ºC at a pressure of 10-2 Torr for 10 hours. The result is a 
A literature review of carbon nanotubes and their properties  
24 
porous silica network with iron oxide in the pores. The iron oxide is then reduced, at 550 ºC 
with a mixture of H2 / N2 for 5 hours, to produce iron nanoparticles. 
 Heating at high temperature with the catalyst film directly on silicon substrates 
causes the formation of silicides which have reduced catalytic efficiency74. Hence diffusion 
barrier layers such as SiO2 or Al2O3 are deposited on the substrate before the catalyst so as 
to reduce contact between the catalyst particles and the substrate. Since these layers are 
non-conducting, this will impact on any electrical measurements intended during the 
fabrication of interconnects. Conductive layers, such as TiN, can be deposited on top of 
dielectric layers to improve the conductivity of the assembly. In their studies, de los Arcos et 
al. reported growth of high quality CNTs using a thin layer of TiN on top of a silicon 
substrate74 while Santini et al. reported achieving good ohmic contact between TiN layers 
and CNTs75. 
2.5. The preparation of carbon nanotubes for promotion of 
adhesion 
2.5.1. Functionalisation of CNTs 
 Due to the inert nature of the CNT surface, their tendency to agglomerate and the 
presence of amorphous carbon material, composite materials made from CNTs are difficult 
to manufacture. CNTs only interact via Van der Waals bonds76. In order to improve adhesion 
with the substrates, the surface of the CNTs needs to be activated. Hence, modification of 
the surface needs to be carried out in order to add chemically active groups. This forms the 
basis of functionalisation. The aim of chemically or otherwise treating the CNTs is to attach 
polar groups on the surfaces in order to promote the formation of other types of bonds. The 
most common ways of carrying this out are detailed below. 
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2.5.1.1. Wet chemical functionalisation of CNTs 
 Wet chemical oxidation is recognised as an efficient method for promoting 
dispersion77, purification77 and surface activation in MWCNTs. Wet chemical 
functionalisation of CNTs employs sulphuric acid, hydrogen peroxide, nitric acid or a mixture 
thereof.  The treatment removes amorphous carbon and catalysts and introduces oxygen 
containing groups such as carbonyl, carboxylic and hydroxyl groups. 
 The treatment of MWCNTs with concentrated acid solutions for long periods of time 
(~ 48 hours) is known to cause damage to the CNTs as well as producing amorphous 
carbon78. However treatments with low concentration acids and short treatments times 
minimise damage79 . The functionalisation of CNTs with acids requires processes such as 
heating in aqueous environments, filtering of liquids, drying at high temperatures and would 
be more suited to randomly arranged CNTs. Such processes are not suited to vertically 
aligned CNTs as the ordered arrangement of these CNTs is lost during processing. 
2.5.1.2. Oxygen plasma functionalisation 
 Oxygen plasma treatment of the surface has been used both as a purification 
method80 and as a way to make the surface more chemically reactive. The surface chemical 
composition of the CNTs changes during the oxygen plasma treatment due to the addition of 
hydroxyl, carbonyl and carboxyl groups81. The concentration of the attached groups depends 
on the power of the radio frequency (RF) generator used, the pressure of oxygen in the 
chamber, the treatment time and the position of the samples in the chamber81. 
 A high pressure of gas in the chamber and/or high power results in more charged 
ions in the plasma causing the coalescence of CNTs into bundles. The introduction of 
defects and radicals by the plasma increases the surface energy of the CNTs which causes 
this coalescence. It has been shown that the higher the power and pressure of the plasma 
treatment, the higher the degree of coalescence that occurs and the larger the bundles of 
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CNTs formed82. Moreover, the coverage of the CNTs on the silicon substrate decreases as a 
result of high power and/or long exposure times83.   
 The presence of these polar groups can be confirmed by XPS of pristine MWCNTs, 
which show peaks at ~284.6 eV, 285.1 eV, 286.2 eV, 287.2 eV, 288.9 eV and 291 eV. 
These are attributed to the sp2 hybridised carbon atoms in graphitic structures (C = C), sp3 
hybridised carbon atoms (C─C), hydroxyl group, carbonyl groups (C─O), carboxyl groups 
(O─C═O) and π─π* transition levels (free electrons in the graphitic plane) respectively84. 
Zhao et al. observed that after functionalisation with oxygen plasma, the height of the 284.6 
eV peak decreased while the 287.2 eV and 288.9 eV peak increased in height due to the 
introduction of these groups on the MWCNT surface. They also observed that this 
functionalisation occurred on the surface of the array while the interior of the array remained 
largely unaffected83. 
 Substitutional impurities refer to the chemical substitutions of carbon atoms with 
impurity atoms, such as B, N or covalently bonded molecule such as COOH groups. These 
impurities act as strong scattering centres and therefore affect the ballistic transport of 
MWCNTs85. Hence the functionalisation using oxygen plasma is expected to reduce the 
conductivity of the MWCNTs. 
2.5.2. Etching of carbon nanotubes for cap removal 
 MWCNTs are capped at the ends with hemispherical domes which prevent direct 
contacting of the inner walls. As discussed previously, a larger number of walls is desirable 
in order to make interconnects with low resistances. It has been shown that if contact is 
made with the inner walls of the MWCNTs, they can participate in electrical transport, 
increasing the current carrying capacity53. There are several options for the removal of these 
caps in order to expose the inner walls of the MWCNTs: 
1. Water assisted selective etching. 
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This process involves the introduction of water during the chemical vapour deposition (CVD) 
growth process using a carrier gas such as Ar86. The CVD growth process is described in 
more detail in section 2.4. Open ended MWCNTs are shown to be produced during the 
growth process, which are also free of catalyst nanoparticles. 
 
2. Ozone plasma63 and water plasma etching processes64 
Although these two processes have been shown to remove the cap on CNTs, defects and 
functional groups found to be present after the etching process. If these are undesirable, 
then other methods should be used. Defects will increase the resistance of the tubes due to 
scattering of electrons and therefore, this approach has not been chosen in our experiments. 
3. Laser etching processes 
Here a 248 nm (Kr-F) excimer laser is used to irradiate the tip of the CNTs by the photo 
ablation mechanism. This results in the gradual removal of materials from the CNT67. Some 
defects will inevitably be introduced at the tip of the CNTs where atoms have been removed. 
However, the defects are localised to the irradiated area.  
4. Mild oxidative chemical treatments. 
These employ mild oxidising agents such as diluted H2O2 to shorten the CNTs resulting in 
end-opened tubes. These will also introduce functional groups on the outer walls of the 
CNTs. Stronger oxidative agents have been shown to significantly reduce the length of the 
CNTs and the quantity of material68. 
2.5.3. Thin layer metal deposition on carbon nanotubes 
 
The overall aim of the project is the fabrication of an interconnect using CNTs and, as 
described in section 2.5, activating the surfaces of CNTs will promote the formation of 
bonds. We however hypothesise that the activated surfaces alone will not be sufficient for 
the formation of strong bonds between the CNTs and substrates. The presence of an 
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interface layer between the CNTs and substrates could promote adhesion. Intimate contact 
can be achieved by coating the CNTs with thin metal layers. Strong bonds would then be 
achieved by the formation of intermetallics with the metal layers to other materials such as 
solder or sintered metals. A short discussion on the link between functionalisation and 
coating of CNTs with metals follows. 
The adsorption of metals atoms on the surface facilitates the growth of metal crystals 
on the surface of CNTs87. In the case of Au, the atoms will subsequently diffuse along the 
surface of the CNTs and nucleate to form islands where a suitable nucleus can be formed. 
The structure of the globules formed is dependent on the interaction between the atoms and 
the surface. The sticking coefficient of atoms condensing on a surface depends on the 
binding energy of the atoms to the surface, Eb88. The atoms stabilise on the surface without 
being re-evaporated and diffuse along the surface to join nucleation sites. The rate of 
diffusion is proportional to 𝑒𝑥𝑝 (
−𝐸𝑑𝑖𝑓𝑓
𝑅𝑇
) where Ediff is the diffusion activation energy and is 
approximately Eb/4. Hence it can be seen that the smaller the binding energies, the faster 
the diffusion rate across the surface. The density of nucleation centres depends on the ratio 
of the incoming vapour flux and the rate of diffusion on the surface and therefore depends 
on the interaction between the atoms and the surface89. 
The formation of vacancies on the surface of the CNT during oxygen plasma 
treatment causes an increase in Ediff as Au atoms get trapped in the vacancies. The rate of 
diffusion across the surface decreases and therefore the density of nucleation sites 
increases90. Although the Au nucleates on the surface of the MWCNTs, it is believed that the 
Au particles adhere loosely to the MWCNTs via Van der Waals interactions89. The deposition 
of Ni and Pd on MWCNTs on the other hand has been found to form continuous films on the 
surface of the CNTs91. 
Palladium thin films on nickel-coated copper contacts have been used as a method 
of preventing the oxidation of the copper. Ni is used as a diffusion barrier between the solder 
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and the Cu and a Pd thin film is deposited on top of the Ni to stop it oxidising. The formation 
of nickel oxides would make the surface un-solderable92. A very thin layer of Au is also 
deposited on top of the Pd in order to improve solderability. Pd has low solderability due to 
the presence of an oxide layer. During the soldering process, the Au rapidly dissolves in the 
solder and forms AuSn4, which then precipitates throughout the bulk of the solder. The 
dissolution rate of Au in Sn63Pb37 at 250 ºC is ~5 μm/s. Pd also forms intermetallic 
compounds with solder in the form of PdSn3 and PdSn493, but the dissolution rates of Pd in 
Sn63Pb37 at 250 ºC is of the order of 0.05 μm/s (about 100 times slower than Au). Cu and 
Ni are insoluble in PbSn solders but are also not readily solderable using mildly activated 
fluxes94. 
2.6. The sintering of silver nanoparticles 
 Sintering is a method for making a solid from a powder. The powder particles adhere 
to each other by solid state diffusion, when heated in a furnace, at temperature below the 
melting point of the material. This is a different to the process of soldering which relies on the 
formation of a liquid phase upon melting followed by the formation of one or several solid 
phases upon cooling. 
 Sintered silver provides good thermal and electrical properties for high temperature 
interconnect applications including the die-bonding of high power components95. Silver has a 
melting point of 961 °C but silver nanoparticles (typically between 20 nm and 50 nm) sinter 
at temperatures of less than 275 °C96. The sintered silver material, used in Chapter 6 for the 
binding of MWCNTs to copper, was in the form of a paste containing 50 nm particles of silver 
with binders, solvents and dispersants. The dispersants prevent the particles from 
agglomerating while binders and solvents give the paste the necessary consistency for 
printing. These additions are detrimental to the sintering process97 and a low temperature 
drying stage is recommended for most pastes in order to remove solvents and burn off 
organics. 
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 Sintering generally requires the application of pressure in order to maximise the 
contact between the sinter particles. However sinter silver pastes are available that do not 
require the application of pressure, named pressureless sintered silver, which will sinter at 
temperature ranges between 200 °C and 300 °C. For the applications described in Chapter 
6, it is not possible to apply pressure during the sintering process and hence a pressureless 
process is desirable. Sintered silver pastes readily bond to noble metals such as Au and 
Pd98 which is also desirable for the bonding of Pd metallised CNTs Chapter 6. 
2.7. A brief review of interconnection methods using carbon 
nanotubes 
 The use of MWCNTs to connect on-chip devices has been discussed by Kreupl et 
al.99. Non-directed synthesis of MWCNTs involves the production of MWCNTs on ideal 
growth substrates, in predefined geometries, which can then be transferred to target 
substrates. The transfer of MWCNTs to a target substrate is desirable because of the need 
to produce higher quality MWCNTs, which are grown at higher temperatures. This removes 
the need to expose sensitive target devices to harsh conditions that may damage them, 
present during the growth process. Another advantage of non-directed synthesis is that the 
MWCNTs may be produced in large volumes before being transferred to the target devices, 
offering an attractive prospect for industrial scale-up. 
 The poor adhesion of CNTs to their growth substrates, due to Van der Waals forces, 
has greatly restricted the application of CNTs in electronics100-101. Many different methods, 
including soldering101 and printing102, have been investigated for the transfer of MWCNTs 
onto substrates. 
 Yang et.al. proposed a method for the transfer of carbon nanotubes using 
functionalised carbon nanotubes adhered to scotch tape103. Huang et al. demonstrated the 
selective transfer of vertically aligned CNTs onto a polystyrene substrate. However, both 
these methods involved complex post processing104. These studies also do not include 
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information on the electrical performance of the interface between the pre-deposited metals 
and the carbon nanotubes or that of their electrical performances as interconnects. 
2.7.1. Transfer of MWCNT arrays using solder 
 The ability to bind CNTs to substrates using solder could overcome serious obstacles 
to the integration of CNTs into microelectronic device packages by offering low processing 
temperatures and improving adhesion. 
 The use of solder for the transfer of carbon nanotubes onto copper substrates was 
first proposed by Zhu et al.101. A study was carried out on use of tin/lead solder to bind 
vertically aligned MWCNTs to a copper clad FR4 substrate. They concluded that capped 
MWCNTs do not form strong bonds with tin/lead solder resulting in poor adhesion of the 
MWCNTs to the solder. However, etching of the caps resulted in improved adhesion of the 
MWCNTs to the solder. They speculated that the solder filled the cavities of the carbon 
nanotubes by capillarity, although no evidence of this was provided. However, a similar 
effect was demonstrated by Ajayan et al.105. A follow-up study by Sun et al.106 measured the 
electrical properties of arrays of open-ended carbon nanotubes transferred onto copper 
substrates using solder, and determined a resistivity of the order of 10-4 Ωcm. 
 Both the studies mentioned above do not include the deposition of a top contact to 
the MWCNTs, a process that can be challenging. It is also interesting to note that both 
studies use processed MWCNTs that have had their caps removed using water assisted 
selective etching. The studies did not show evidence of wicking of the solder to the side of 
the MWCNT arrays, which could increase the adhesion to the solder and improve the 
conductivity of the interconnects. 
 To date, no study has been carried out to investigate the degree of wetting of solder 
to MWCNTs in order to quantify wetting forces, a key issue for back-end of line processing 
should the technology become more widely used (conformation to J-STD-002D).  
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2.7.2. Transfer of MWCNT arrays using conductive adhesives 
 Solder does however have technical barriers as a CNT transfer medium such as 
limited options of suitable substrate materials for wetting, low flexibility and low melting 
temperatures. The ability to form bonds at low temperatures which then remain functional at 
high temperatures is desirable. Silver pastes have been used to transfer MWCNTs to 
substrates107, with good adhesion noted. However, the processing temperatures used were 
high, at around 530 °C, hence not compatible with most microelectronic processes. No 
studies were carried out on the electrical properties of the interconnects, either at room 
temperature or at elevated temperatures. 
 Conductive polymer composite materials have been studied as a medium for the 
transfer of MWCNTs to substrates102. Here, highly conductive polymer composite paste was 
applied to a substrate before the CNT arrays were applied and heated to 150 °C. Electrical 
characterisation of the arrays showed that ohmic contacts were formed with a quoted 
resistivity of 5 × 10-4 Ωm. The stability of the interconnects at elevated temperatures were 
also not investigated in that study. 
 Sintered silver pastes have not been studied as a means for binding MWCNTs to 
substrates. Low temperature sintering pastes, which sinter at CMOS compatible 
temperatures but melt at high temperatures (~900 °C), are of particular interest due to their 
ability to withstand high temperatures once sintered. Hence a comprehensive study of 
interconnects fabricated from CNTs transferred using sintered silver pastes is required and 
their electrical performance characterised, both at high temperatures (above 300 °C) and at 
room temperature. 
2.8. Conclusions 
 In this Chapter, the types of CNTs and the structure of SWCNTs and MWCNTs are 
discussed. The quantised electrical model of CNTs was reviewed and MWCNTs were 
described as being ballistic conductors at room temperature. The mean free path of the 
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MWCNTs was described as being dependent on the number of defects on the MWCNTs and 
therefore a higher resistance can be expected for lower quality MWCNTs. 
 The most common methods for the growth of MWCNTs were reviewed and the 
PTCVD method was described. A short discussion of the growth mechanism for CNTs was 
presented focusing on the effect substrates and catalyst on CNT growth. 
 Previous work on the functionalisation methods available to modify the surface of 
MWCNTs was reviewed and it was determined that oxygen plasma exposure was a suitable 
method for functionalising MWCNTs. The role of defects on the interactions of metals with 
CNTs was discussed and some metals were found to nucleate at defect sites on MWCNTs, 
forming quasi-continuous layers. However, other metals were found to only form globules 
and hence this will have an implication on the choice of metals required to act as interface 
layers with the CNTs. A review of methods available to etch MWCNTs, for cap removal, was 
also carried out. Laser etching was found to be suitable for cap removal, without disrupting 
the vertical alignment of the MWCNTs. 
 Previous work on the transfer of MWCNTs by the use of solder or  conductive 
adhesives was reviewed with some groups reporting successful transfers. Resistivities of the 
order of 10-4 Ωcm were reported in these studies. However, no studies have been conducted 
to date on the use of sintered silver pastes as a method for CNT binding to a substrate and 
no data currently exists for the functioning of these interconnects at high temperature.  
Additionally, most of the studies formed single ended contacts with the CNTs, which may 
affect the electrical measurements. An in-depth study is required for the interaction of solder 
with metallised MWCNTs using standard methods used in industry, such as solder 
wettability measurements, so as to conform to existing standards or to develop new 
standards. 
  
 
 
 
Chapter 3 
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 Carbon nanotube synthesis using PTCVD and their 
characterisation 
3.1. Introduction CNT synthesis experimental results and 
discussion 
 In this Chapter, the methods used to grow CNTs and the characterisation of 
synthesised CNTs is described. The aim of the experiments below is to determine the 
conditions for achieving high purity, defect-free MWCNTs of lengths greater than 200 μm, on 
substrates maintained at CMOS compatible temperatures. CNTs of lengths greater than 200 
µm are required so as to facilitate their transfer and manipulation for the experiments 
described in Chapter 5. As this growth method is unique in terms of the heating mechanism 
and the cooling of the substrate, growth conditions reported by other groups, using different 
CVD methods, are not expected to be successfully reproduced. An in-depth study of the 
required conditions for the synthesis of MWCNTs is reported in this Chapter. Some work has 
already been carried out on the synthesis of MWCNTs in vias using the PTCVD technique, 
with reported growth lengths of ~ 60 µm108.  The aim of this study is to increase the CNT 
length and growth rate to synthesise CNTs long enough for use in electrical interconnects. 
To achieve this, Alumina (Al2O3) was used as a support layer for catalysts and new growth 
parameters were investigated. Al2O3 has been shown to catalyse hydrocarbon reforming,  
promoting the growth of long SWCNTs using Fe catalyst109.  
Characterisation of the MWCNTs was carried out using SEM, TEM and Raman 
spectroscopy in order to assess their quality and to obtain valuable data about the physical 
dimensions of the MWCNTs to be used in resistivity calculations performed in Chapter 5.  
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3.2. CNT synthesis experimental setup 
3.2.1. Substrates and Catalysts preparation techniques 
 Doped n-type silicon <100> substrates were used for the growth process throughout 
this experiment. Silicon wafers were purchased with a 300 nm wet thermal oxide layer and, 
where required, an Al2O3 support layer was evaporated on using a Nordiko 5050 e-beam 
evaporator. For the Al2O3 support layer, 99.9% pure Al2O3 crystals were place in a titanium 
boat and evaporated using an electron beam. The thickness was monitored using a quartz 
crystal monitor. All samples were thoroughly cleaned in acetone followed by isopropanol 
before each step of the process. 
 Substrates thus obtained were subsequently coated with a thin film of Fe as the 
intended catalyst required for CNT growth in CVD processes. A 99.99% pure Fe target was 
sputtered in an argon atmosphere at a pressure of 3.6 mbar, at a rate of ~3 nm/min. The 
wafer was rotated at 12 rpm during the coating process, in order to ensure a uniform coating.  
The thickness of the catalyst film is critical for the growth of dense arrays of aligned 
MWCNT. In order to assess the conditions that would result in the growth of longer 
MWCNTs, a range of catalyst film thicknesses and substrates were investigated, as 
described in section 3.2.3 below. A range of techniques were used including SEM, AFM, 
Raman spectroscopy and TEM to determine the characteristics of the substrates used 
during the growth process and those of the CNTs after growth process. 
3.2.2. Synthesis chamber characteristics 
 There are three main components to the PTCVD synthesis chamber: 1) an optical 
head which delivers the energy required for synthesis, 2) the reaction chamber itself and 3) a 
water-cooled substrate platen, as shown in Figure 2.4. The optical head consists of eight 
equally spaced high power bulbs in a 10 cm diameter circular arrangement. The bulbs were 
from GE lighting (88449-CP77 FEP 230-240V) with a maximum luminous flux of 25000 lm. 
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The optical head is isolated from the reaction chamber by a clear quartz window, which 
allows transmission in the visible and IR region. 
 The reaction chamber is 18 cm high, with a diameter of 32 cm and is made of an 
aluminium alloy. The water cooled platen is located at the bottom of the synthesis chamber 
and can accommodate a 4” wafer. Cooling of the platen is achieved using a water chiller 
circulating water to the platen at 12 ºC. The distance between the sample on the platen and 
the lamps is roughly 100 mm. The PTCVD system was purchased from Surrey Nano 
systems and is based at the University of Surrey; the system is used primarily for research 
and development purposes. 
3.2.3. Growth parameters and processes 
 There are two main sequences for the growth process using PTCVD, whilst the 
growth process requires high vacuum to be achieved before any gas is introduced in the 
chamber. The first sequence consists of an annealing stage, so as to convert catalyst films 
on the substrates into catalyst nanoparticles. For this process, a carrier gas, usually H2, is 
introduced into the chamber with a constant flow rate and the energy source is switched on. 
The H2 gas also acts as a reducing agent, removing any oxides formed on the catalyst film. 
The second sequence consists of the growth sequence, at which point the feedstock gas is 
introduced in the chamber using the carrier gas. At the end of this step, the lamps and 
feedstock gas flows are stopped allowing the sample to cool under the flow of the carrier 
gas.  
 There are many parameters that affect the growth of the CNTs including carrier gas 
and feedstock gas flows, temperature at the growth site (regulated in our case by the lamp 
power), process pressure inside the chamber, ratio of carrier gas to feedstock gas, nature 
and thickness of catalyst, catalyst anneal time, growth time and finally the nature of the 
growth substrate and support layers. Many permutations of the above parameters are 
possible and trying all permutations to find the optimum conditions would be time 
consuming. 
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Previous work carried out by Ahmad et al.108 and Chen et al.110 on the PTCVD system at the 
University of Surrey, has gone a long way into mapping out synthesis conditions and 
providing useful information, such as the process pressures and gas flows, which enable the 
growth of long CNTs (> 50 µm). CNT synthesis is a complex process and changing any one 
parameter can lead to reduced growth. Initially, the effect of the thickness of catalyst was 
investigated together with the presence or absence of a support layer, in this case SiO2, 
deposited on the Si growth substrate (denoted Si/SiO2). 
 The thickness of the catalyst layer plays an important part in the type of CNTs 
produced. In their study on catalyst film thickness, Hofmann et al.111 describe an increase in 
CNT/carbon nanofiber diameter with increase in catalyst thickness. They also report the 
growth of very dense arrays of MWCNTs with small diameter (~ 5 nm) using 3 nm thick Fe 
films111. However, catalyst poisoning for thinner films was shown to happen quicker, limiting 
growth.  
 The process power is measured as a function of the percentage power of the lamp, 
measured in arbitrary units, with 100% being the maximum power supplied to the lamp. The 
optical pyrometer can measure the temperature of the substrate but process temperature at 
the tip of the CNTs during growth cannot as yet be measured accurately.  
Four samples were placed simultaneously in the chamber with the following parameters: 
 Si with 1 nm Fe 
 Si with 5 nm Fe 
 Si/SiO2 with 1 nm Fe 
 Si/SiO2 with 5 nm Fe 
 The flow of hydrogen gas was kept constant at 200 sccm while the flow rate of the 
feedstock gas and the power of the quartz lamp were varied. The annealing time was also 
varied for some of the experiments. Process pressure was kept at 100 Torr and all samples 
were grown for 20 minutes. 
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3.2.4. Results and discussions 
3.2.4.1. Growth results and discussions 
 A summary of the most significant results obtained from the initial growth 
experiments are shown in Table 1. It can be seen that the 1 nm catalyst film resulted in 
some growth at higher power but none at lower power. The 5 nm catalyst films yielded some 
growth at 50 % power, but growth increased at 60 % power.  
 Annealing of the substrate was critical as non-annealed substrates did not show any 
growth.  The increase in acetylene flow also affected the growth of CNTs with a higher flow 
resulting in better growth. The power of the lamp was increased with the flow feedstock gas 
because a higher amount of energy is required for the catalyst to break down a larger 
number of gas molecules. 
Table 1: Summary of the growth conditions and respective lengths achieved. 
Substrate Catalyst 
thickness 
(nm) 
Flow rate 
C2H2 (sccm) 
Power (%) Annealing 
Time 
(min) 
Length 
achieved 
(μm) 
Image 
Si/SiO2 1 20 50 5 ~ Figure 3.1a 
Si/SiO2 1 20 50 0 ~ Figure 3.1b 
Si 5 20 50 5 ~ Figure 3.1c 
Si 5 20 50 0 ~ Figure 3.1d 
Si/SiO2 5 20 50 0 ~ Figure 3.1e 
Si/SiO2 5 20 50 5 10 Figure 3.1f 
Si/SiO2 5 50 60 5 30 Figure 3.1g 
Si/SiO2 5 50 60 5 80 Figure 3.1h  
 
No growth was observed directly on the silicon substrates at any given permutation 
of the synthesis parameters. This is attributed to the formation of FeSi, from the reaction 
between Fe and Si, which has been shown to have reduced catalytic efficiency for CNT 
growth74. As a result, Si was not used for any further growth experiments. A diffusion barrier 
is required to prevent the formation of FeSi, which can be in the form of SiO2. Using SiO2 as 
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catalyst support layer resulted in some growth on the substrates, as shown in Figure 3.1, but 
the MWCNTs were again too short. 
Figure 3.1: SEM micrographs of samples grown with 20 sccm C2H2 at 50 Torr a) Si/SiO2 - 1 nm 
Fe - 5 min anneal - 50% power, b) Si/SiO2 - 1 nm Fe, not annealed-50% power,  c) Si-Fe, 5 min 
anneal - 50% power, d) Si-5 nm Fe - not annealed - 50% power, e) Si/SiO2 - 5 nm Fe - 5 min 
anneal - 50% power, f) Si/SiO2 with 5 nm Fe, not annealed, grown at 50% power, g) Si/SiO2 -1 
nm Fe-5 min anneal - 60% power, h) Si/SiO2 - 5 nm Fe - 5 min anneal - 60% power. 
 
 It can be concluded from this that a support layer is essential for growth to be 
achieved and that annealing of the catalyst in a hydrogen atmosphere is required. AFM 
measurements carried out in section 3.2.5 show the difference in morphology after the 
substrate was annealed in hydrogen, with the formation of discrete nano-particles clearly 
visible (Figure 3.3) post annealing whereas a semi-continuous layer is present for substrates 
that were not annealed. The power of the lamp combined with the flow of acetylene also 
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appear to have an effect on the growth process, with a higher lamp power together with a 
higher flow of feedstock gas giving rise to longer CNTs. 
3.2.5. The effect of support layers on CNT growth 
 In this section, the use of support layers for growth of CNTs is discussed.  Several 
groups have reported the use of Al2O3 as catalyst support layers with great success112-114. 
CNT synthesis strongly depends on the lifetime of the catalysts and catalytic activity115-116. 
Alumina, as a catalyst support layer has been reported to have appropriate surface 
conditions for the synthesis of vertically aligned CNTs. The porous nature of the alumina 
layers117 and their surface roughness provide more active sites for the nucleation of CNTs118. 
Catalyst nanoparticles may get trapped into the porous substrates and allow feedstock gas 
molecules to reach the catalyst at a higher rate. 
 In order to have a clearer idea of the effect of using different support layers for CNT 
synthesis, Si substrates, with Al2O3 and SiO2 layers, were studied using AFM in non-contact 
mode. A 300 nm thick layer of Al2O3 was deposited onto the Si substrate using electron 
beam evaporation (referred to as Si/Al2O3). 
A Park Scientific XE100 atomic force microscope was used in non-contact mode to perform 
scans of the samples. In non-contact AFM mode a cantilever with a sharp tip at the apex 
(probe) oscillates at its resonance frequency; as the tip approaches the sample there is an 
interaction between the tip and sample due to attractive and repulsive interatomic forces. 
This changes the amplitude and frequency of the cantilever’s oscillation. These changes are 
monitored by the reflection of a laser beam, from the cantilever onto a quadrant photo diode 
whose output signal  provides the feedback necessary to change the height of the probe to 
keep the cantilever’s resonant frequency or oscillation amplitude constant and hence the tip 
sample distance constant. The changes of height are plotted to describe the surface 
topography. The Park XE-100 has an X-Y stage which moves the sample in the scan 
directions and a Z stage which moves the probe up and down. The probes used were PPP-
NCHR-10M (10 nm radius tips) with a scan speed varied from 0.1 Hz to 0.01 Hz. 
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Figure 3.2: (a) AFM micrograph of nanoparticles of iron on silicon dioxide after annealing and 
(b) watermarked micrograph of (a) carried out using Gwyddion software showing demarked 
particles. 
 To better understand the morphology of a surface, a quantitative evaluation of the 
surface topography must be carried out. The amplitude parameters are the principle 
parameters for the characterisation of surface topography, of which, rms surface roughness 
is the most common type119.  The micrographs were analysed with the SPM data analysis 
software Gwyddion120 which has a watershed algorithm that can be used effectively for 
particle marking. A virtual water mark is placed at the location of each local maximum 
followed by a process of increasing the size of the mark until a local minimum position is 
reached. This is carried out in a number of steps pre-defined by the user. A segmentation 
process is then carried out by the software which demarks the boundaries of the individual 
grains. The user is able to visually inspect the image and change parameters in order to 
obtain the best result. This is shown in Figure 3.2b. Once a satisfactory image is obtained, 
the software performs a statistical operation which returns values such as rms surface 
roughness, average grain sizes, areas and particle numbers.  
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Figure 3.3: AFM contact mode 3D (top) and topography (bottom) micrographs of (a) SiO2 on Si 
as deposited, (b) SiO2 on Si annealed for 10 minutes under hydrogen, (c) Al2O3 on Si as 
deposited and (d) Al2O3 on Si annealed under hydrogen for 10 minutes. The RMS surface 
roughness values of the surface are included for each sample. 
 
 Due to time constraints, measurements were carried out on one set of samples for 
each variant. From the AFM micrographs in Figure 3.2, a variation in the rms surface 
roughness can be observed; a similar effect was also reported in reference [121]. The Si/SiO2 
samples were almost flat with a surface roughness of only 0.29 nm. The rms surface 
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roughness increased to 0.57 nm with annealing for 10 minutes in hydrogen at an 
approximate temperature of 450 °C. The Si/Al2O3 samples on the other hand have a larger 
rms surface roughness of 0.72 nm. Annealing, at 450 °C for ten minutes in hydrogen, again 
caused an increase in the surface roughness of the samples to 1.12 nm. 
 In order to determine whether the roughness of the sample affects the catalyst 
particle sizes post annealing, thin Fe films of varying thicknesses (from 3 nm to 8 nm) were 
deposited onto the two types of substrates using magnetron sputtering. The samples were 
imaged using AFM before being annealed for 10 minutes under hydrogen, at 450 °C in the 
PTCVD chamber. AFM images were taken post annealing and particles sizes and 
distributions were measured. In Figure 3.3a, the topography of the samples, after a 5 nm 
thick film of iron was deposited, is shown. Figure 3.3b shows the same sample after the 
annealing process. The difference in the morphology of the samples can be clearly seen with 
Fe nanoparticles seen after the annealing process. 
 
Figure 3.4: AFM contact mode 3D (top) and topography (bottom) micrographs of (a) 5 nm of Fe 
deposited onto Si/SiO2 and (b) same sample after annealing for 10 minutes at 450 °C under H2. 
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 An analysis of particle size and distribution was carried on the samples after the 
annealing process. The Si/SiO2 substrate was found to contain ~ 236 individual particles, 
with an average particle diameter of 49 nm for 1 µm by 1 µm area scans. 
 
 
Figure 3.5: AFM contact mode 3D (top) and topography (bottom) micrographs of (a) 5 nm of Fe 
deposited onto Si/Al2O3 and (b) same sample after annealing for 10 minutes at 450 °C under H2. 
 
 A similar effect can be seen for Si/Al2O3 samples as shown in Figure 3.5. The 
annealing process again changes the morphology of the samples to produce Fe 
nanoparticles. The average diameter of the particles was found to be 36 nm and the average 
particle distribution was found to be 415 for 1 µm by 1 µm area scans. This number of 
nanoparticles per unit area can be estimated to be 4 × 1010 particles/cm2. Assuming that a 
MWCNT is synthesised from one nanoparticle, then this number also corresponds to the 
density of arrays produced. 
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Figure 3.6: (a) Particle distribution as a function of evaporated film thickness showing Si/Al2O3 
having consistently higher particle counts and (b) average particle diameter as a function of 
deposited film thickness showing that particles of a higher diameter were produced on Si/SiO2. 
 
 Analysis was performed on samples with varying film thicknesses. Particle sizes and 
distributions were obtained; these are summarised in Figure 3.6. From the graphs obtained, 
it can be seen that the particle sizes after annealing are generally higher for Si/SiO2 
samples, in good agreement with what is reported in the literature122. Particle distributions 
were higher for all Si/Al2O3 samples than Si/SiO2 samples.  
 During the annealing process, Fe de-wets the SiO2, forming Fe nanoparticles which 
coarsen by Ostwald ripening123. This is due to the drive for minimisation of the surface free 
energies of the Fe and of the Si/SiO2. In comparison, stronger interaction between the Fe 
and Al2O3 reduces the mobility of the Fe and therefore causes the formation of smaller 
particles122. As the diameters of the particles were smaller, and the same volume of Fe was 
deposited on the sample, it can be deduced that more particles would be present on the 
Si/Al2O3 samples.   
Measurements of the distribution of nanoparticles performed from the AFM 
micrographs are summarised in Figure 3.6a and show that the distribution of Fe 
nanoparticles on Si/SiO2 is consistently lower than that of Fe nanoparticles on Si/Al2O3, for 
all film thicknesses. This has an implication for the density of the arrays and the diameters of 
the CNT arrays synthesised from the nanoparticles. It has been reported that the diameter of 
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the MWCNTs is dependent on the size of the nanoparticles124 and that the growth 
mechanism (tip-growth or base growth) is dependent on the temperature achieved125 and 
the catalyst nanoparticle size126. Gohier et.al. reported tip growth of MWCNTs for catalyst 
nanoparticles of sizes greater than 5 nm.  
 
Figure 3.7: Flow diagram of the growth process showing key stages. 
Growth was carried out using the same technique as above but the effects of the growth 
time and process pressures were also investigated. Si/Al2O3 and Si/SiO2 substrates were 
coated with 5 nm of Fe. The PTCVD machine is very sensitive to variations in the growth 
conditions such as gas pressure, lamp power and gas flow, to name a few. Hence, 
conditions where a reasonable length of CNTs was achieved were found by trial and error 
and subsequently fine-tuned in order to achieve better growth.  
Table 2: Summary of the growth conditions for silicon substrates with 300 nm silicon oxide 
and 300 nm aluminium oxide layer, and respective lengths achieved. 
Substrate / 
support 
Process 
pressure 
(Torr) 
Flow rate 
C2H2 
(sccm) 
Power (%) Growth 
Time 
(min) 
Length 
achieved 
(μm) 
Image 
Si/SiO2 2 10 50 15 Non-Aligned Figure 3.6a 
Si/Al2O3 2 10 50 15 Non-Aligned Figure 3.6b 
Si/SiO2 2 10 55 15 80 Figure 3.6c 
Si/Al2O3 2 10 55 15 40 Figure 3.6d 
Si/SiO2 10 20 45 15 30 Figure 3.6e 
Si/Al2O3 10 20 45 15 30 Figure 3.6f 
Si/SiO2 10 20 45 30 ~ Figure 3.6g 
Si/Al2O3 10 20 45 30 5 Figure 3.6h 
Si/SiO2 10 50 45 15 40 Figure 3.6i 
Si/Al2O3 10 50 45 15 20 Figure 3.6j 
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 As in the previous experiment, many trials were carried out and the most successful 
are presented in Table 2 above. All samples were annealed in H2 flowing at a rate of 100 
sccm, for 10 minutes before the feedstock gas was introduced in the chamber. A schematic 
of the growth process is shown in Figure 3.7. 
 SEM micrographs of the samples in Table 2 are shown in Figure 3.8 below. Overall, 
the Si/SiO2 substrates yielded CNTs with similar lengths to the Si/Al2O3 for the parameters 
investigated here. For samples in Figure 3.8 e to h, it is also interesting to note that longer 
growth time at the same condition result in CNTs of shorter lengths. Stolojan et al. reported 
the growth reversal of MWCNTs under electron beam irradiation127 and growth reversal 
under hydrogen has also been reported by R.T.K. Baker72. However, the same study argues 
that the reversal was due to sputtering by the electron rather than by the heating effect of the 
electron irradiation. The reason for this apparent reversal in the growth is not yet fully 
understood. The reasons for the apparent shorter CNTs at longer growth times have not 
been further investigated during the course of this project as the focus has been on the 
production of CNTs of the length of ~200 μm for the manufacture of interconnects.  
 Further attempts with Si/SiO2 substrates did not result in higher length MWCNTs. 
However, experiments with Si/Al2O3 were more successful when lamp power was increased 
and with a higher H2 carrier gas flow rate. The parameters used for this experiment were as 
follows: 
Pressure:    10 Torr 
H2 flow:    200 sccm 
Acetylene gas flow:  50 sccm 
Anneal time:   10 minutes in H2 
Synthesis time:   15 minutes 
 
 The lamp power was gradually increased from 50 % to 60 %, with the parameters 
above remaining constant. Si/SiO2 substrates were also placed in the chamber for 
comparison. At these high flow rates and pressure, the Si/SiO2 yielded short length, 
disordered growth of CNTs. However, for Si/Al2O3, increasing the power of the lamp to 55 %  
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Figure 3.8: SEM micrographs of samples coated with 5 nm Fe annealed with 100 sccm H2 for 
10 minutes a) Si/SiO2 - 2 Torr-10 sccm C2H2 - 50% power-15 minutes growth, b) Si/Al2O 3- 2 Torr 
-10 sccm C2H2 - 50% power - 15 minutes growth, c) Si/SiO2 – 2 Torr -10 sccm C2H2 - 55% power-
15 minutes growth, d) Si/Al2O3 – 2 Torr – 10 sccm C2H2 -50% power-15 minutes growth, e) 
Si/SiO2-10 Torr – 20 sccm C2H2 – 45 % power - 15 minutes growth, f) Si/ Al2O3 – 10 Torr -20 
sccm C2H2 – 45 % power - 15 minutes growth g) Si/SiO2 - 10Torr – 20 sccm C2H2 – 45 % power - 
30 minutes growth, h) Si/ Al2O3-10 Torr – 20 sccm C2H2 – 45 % power - 30 minutes growth, i) 
Si/SiO2 - 10Torr – 50 sccm C2H2 – 45 % power - 15 minutes growth, j) Si/ Al2O3 – 10 Torr – 50 
sccm C2H2 – 45 % power - 15 minutes growth. 
 
consistently resulted in CNTs in excess of 200 µm, as shown in Figure 3.9. Incremental 
increase in length was not observed as the power was increased, with growth of MWCNTs 
flourishing at the 55 % power mark. The Si/Al2O3 substrate yielded disordered or very short 
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length CNTs at both lower and higher power settings. The temperature of the bottom of the 
substrate, measured using an optical pyrometer, was about 450 °C when the lamp power 
was set to 55 % (temperatures at the catalyst side of the substrate can be up to 300 °C 
higher108). 
 As a comparison, other CVD growth techniques use temperature ranges between 
350 °C and 700 °C128. Low temperature growth using other CVD techniques generally 
results in CNTs with a higher number of structural defects99. Other groups have reported 
good growth using PTCVD108, but the CNTs grown were much shorter. The growth rate 
achieved in this experiment is of the order of 10 µm/min. The best reported growth rate for 
dense, vertically aligned MWCNT arrays using this technique by Ahmad et al. is of the order 
of 3.2 µm/min. From the AFM measurements above, there is an estimated 415 catalyst 
nanoparticles per µm2 for a 5 nm film. Assuming that one MWCNT is synthesised per 
catalyst nanoparticle, the density of the vertically aligned array is estimated to be 4 × 1010 
MWCNT/cm2.   
 
Figure 3.9: Vertically aligned array of MWCNTs, grown using PTCVD in 20 minutes, with 
lengths in excess of 200 µm.  
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3.3. Synthesis of CNTs on patterned substrates 
3.3.1. Introduction to synthesis of CNTs on patterned substrates 
 In the previous section, the conditions for the synthesis were determined and 
synthesis was carried out on large area substrates (100 mm2 in size). Interconnects have 
much lower cross sectional areas and more control was required over the area and height of 
the CNTs produced. More control was required on the dimensions of the arrays of CNTs to 
ensure consistency in the electrical measurements performed in Chapter 6. 
Photolithography, a technique widely used in the electronics industry and elsewhere, was 
used to predefine the position and area of vertically aligned CNT arrays. A short discussion 
on the techniques used for photolithography is presented below followed by the results 
obtained from the growth process carried out on patterned substrates. 
3.3.2. Patterning of substrates: experimental setup 
 Photolithography involves exposing a thin film of UV-sensitive chemicals to UV light, 
to transfer the pattern from a photomask. A quartz plate is used as the photomask upon 
which an opaque chrome surface is deposited and etched with highly detailed patterns. The 
patterns were designed at NPL using L-Edit software before the mask was manufactured by 
Compugraphics Ltd. Figure 3.10 shows an image of the final mask design consisting of 96 
arrays divided in 4 groups of 24. Each array consists of a set number of squares. There were 
4 different types of arrays consisting of 625 squares measuring 100 μm  x100 μm, 2304 
squares measuring 50 μm x 50 μm, 144 squares measuring 200 μm  x 200 μm and 36 
squares measuring 400 μm  x 400 μm.  
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Figure 3.10: Photomask design with 24 individual groups of (a) 625 squares of 100 μm  x100 
μm, (b) 2304 squares of 50 μm x 50 μm, (c) 144 squares of 200 μm  x 200 μm and (d) 36 squares 
of 400 μm  x 400 μm  arrays. 
 
 The substrates used here were the Si/Al2O3 as in section 3.2.1. S1805 photoresist 
was spun at 500 rpm for 5 seconds then at 3500 rpm for 10 seconds in order to form a 
uniform thin film on top of the silicon substrates. The coated substrate was the baked on a 
hot plate for 2 minutes at 115 ºC. The sample was exposed o UV light for 15 s using a Karl 
Suss MJB3/HP mask aligner and the photo-mask above. MF-321 developer was used to 
remove the photoresist from the areas exposed. The samples were swirled in MF-321 
developer for 60 s before being rinsed in DI water. This process results in substrates with the 
patterns from the photo-mask transferred onto the substrates. A flow diagram of the process 
is shown in Figure 3.11. Following the successful patterning of the substrates, 5 nm of Fe 
catalyst was deposited using magnetron sputtering. The remaining photoresist was removed 
by sonicating with a mixture of microposit remover and acetone. The process results in 
substrates patterned with catalysts in the areas exposed by the UV light and defined by the 
mask. 
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Figure 3.11: Flow diagram of the process for the patterning and metallisation of wafers for CNT 
growth. 
This was followed by the growth process using the 1000N PTCVD machine. The conditions 
for synthesis were investigated and fine-tuned to give the best possible growth, and were as 
follows: 
Pressure:    10 Torr 
Hydrogen gas flow:  200 sccm 
Acetylene gas flow:  50 sccm 
Lamp power:   55% 
Anneal time:   10 minutes in Hydrogen 
Synthesis time:   15 minutes 
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Figure 3.12: SEM micrograph of CNT columns grown on silicon substrates coated with 300 
nm Al2O3 and 5 nm Fe catalyst patterned using photolithography. 
 The structures obtained were imaged using SEM and the micrographs are shown in 
Figure 3.12. Vertically aligned array of MWCNTs were consistently obtained using the 
growth parameters set out above, another example of such growth is shown in Figure 3.13. 
However, the quality of the samples varied. It was observed that the quality of the arrays 
obtained was highly dependent on the photolithography processing. Holes were frequently 
observed in the columns where lift-off of the mask was not properly achieved or where 
debris during the lift-off process had accumulated despite cleaning by ultrasonic agitation. 
 
Figure 3.13: Controlled growth of vertically aligned CNT columns on Si substrate coated with 
Al2O3 and 5 nm Fe catalyst. 
3.4. Characterisation of MWCNTs produced by PTCVD 
3.4.1. Raman spectroscopy 
 Raman spectroscopy uses monochromatic light from a laser source in order to give 
information on the chemical bonds present. When light is scattered from a crystal, most 
photons are elastically scattered. The scattered photons have the same frequency, and 
therefore the same wavelength, as the incident photons (Rayleigh scattering). However, a 
proportion of the total number of photons is scattered at frequencies different from the 
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incident photons. The process leading to this inelastic scattering is called the Raman effect. 
Raman scattering can occur with a change in vibrational, rotational or electronic energy of a 
molecule. The Raman effect arises when a photon interacts with the electric dipole of a 
molecule. The scattering is described as an excitation to a virtual state lower in energy than 
a real electronic transition. There is subsequently a nearly coincident de-excitation and a 
change in vibrational energy. The virtual state description of scattering is shown in Figure 
3.14 where the energy difference between the incident and scattered photon is represented 
by arrows of different lengths.  
 
Figure 3.14: Energy level diagram for Raman Scattering showing: (a) Stokes Scattering and (b) 
Anti-Stokes Scattering. 
 The Raman shift ṽ can be calculated using equation 3.1 below where λi and λs are 
the wavelengths (in cm) of the incident and scattered photons respectively. At room 
temperature, the population of excited states is low, therefore the initial ground state and the 
scattered photon will have lower energy than the excited photon. This Stokes shifted scatter 
is what is observed in Raman spectroscopy. However, there is a small proportion of 
molecules that are in the vibrationally excited states. Scattering of phonons on these 
molecules leave them in the ground state and hence the scattered phonon appears at a 
higher energy. This makes the basis of anti-Stokes scattering and can also be observed at 
Raman shifts of less than 1500 cm-1.  
?̅? =
1
λ𝑖
−
1
λ𝑠
               (3.1) 
 Raman Spectroscopy is a powerful method to determine whether adventitious carbon 
is present on CNTs and to determine the degree of structural ordering129-130. First order 
peaks are generally seen at around 1580 cm-1 (G), 1350 cm-1 (D) and 1620 cm-1 (D’) when 
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using a 514.5 nm excitation wavelength laser131. As for second order Raman spectra, the 
main peaks can be found at 2450 cm-1 (G’), 2945 cm-1 (D+G), 3176 cm-1 (2G) and 3244 cm-1 
(2D’) again using a 514.5 nm wavelength laser132-134. An example of a typical Raman 
spectrum for MWCNTs is shown in Figure 3.15 below. The origin of the D band is attributed 
to double resonant Raman scattering135-136 and both the G and D bands are associated with 
graphitic sp2 bonded carbon137-139. The disorder induced D band generally changes its 
position with changing laser energy for graphitic materials but is independent of the type of 
graphitic materials140. For graphitic materials, the G-peak is also known not to disperse as it 
is the Raman active phonon mode of the crystal139. The D’ band generally appears as a 
shoulder, convoluted with the G band and has to be separated during peak fitting. 
 The ratio ID/IG of intensity of the D band (ID) to that of the G band (IG), which is related 
to the graphite in-plane crystalline length (La)141, is a popular method of determining the 
crystal quality of MWCNTs. However, using the ratio of intensities of the D band to the G 
band alone is not sufficient for several reasons. The D band and G band overlap to some 
extent, as they are relatively close, which makes separation of the bands difficult. A second 
order overtone, the D’ band, appears as a shoulder on the G band, which complicates the 
peak separation even further141. It has also been shown that the diameter of the MWCNTs142 
can affect the Raman bands, but in our case, the diameter of the MWCNTs is not expected 
to vary, as shown by the measurements of the diameter of the MWCNTs in section 3.4.2.  
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Figure 3.15: Raman Spectra of MWCNTs showing typical positions of the D, G, D', G', D+G and 
2G peaks. 
 Two bands were observed at 1100 cm-1 and 1500 cm-1 respectively, which have also 
been reported by several other groups134, 143. These have to be taken into account while 
fitting peaks to the spectra as they affect both the height and full-widths-at-half-maximum 
(FWHM) of the resulting peaks. A linear baseline was subtracted to all spectra before peak 
fitting. Wire 3.3 software from Renishaw uses a combination of Laurentzian and Gaussian 
functions to fit curves to the data. An example of a Raman spectrum of functionalised CNTs, 
obtained using a 514 nm laser, is shown in Figure 3.16. The bands at 1100 and 1500 cm-1 
proved difficult to fit accurately. It was seen that the fitting software allowed the bands to 
move from their assigned positions in order to fit the other bands accurately; Boundary 
conditions for the FWHM and peak positions were set for the 1100 cm-1 and 1500 cm-1. The 
2G and 2D’ bands were often indistinguishable from the noise of the spectrum; fitting of 
these bands was carried out when the intensities were sufficiently high. The G’ band can be 
found at ~2700 cm-1 and has been found to be very sensitive to crystalline structures144; 
narrower and higher intensity peaks were reported for higher quality MWCNTs. A ratio 
containing the G’ band may represent a more accurate measurement of purity or quality 
since the G’ band is dramatically enhanced in the case of carbon nanotubes145. 
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Figure 3.16: Raman spectrum of oxygen plasma functionalised CNTs with peaks fitted using a 
mix of Lorentzian/Gaussian functions. 
 The instrument used for the characterisation of the MWCNTs was a Renishaw 2000 
MicroRaman (Renishaw Ltd). The spectra between 100 cm-1 and 3500 cm-1 was obtained 
using a 514 nm laser excitation wavelength, at 25% power intensity (0.9 mW) with an 
acquisition time of 30 seconds. Ten different locations were measured for each sample with 
a minimum of 3 measurements carried out at each location. The spectral resolution was 1 
cm-1 and a ×50 objective lens was used with an estimated spot size of 0.8 µm2. Spectral 
calibration was performed on a silicon wafer at 520.5 ± 0.5 cm-1 before each session. All 
experiments were carried out at ambient conditions. 
 Raman spectra (514 nm wavelength) in Figure 3.15, show well-defined first order and 
second order features. The D band feature is around 1342 cm-1, the G band around 1578     
cm-1 and the 2D band around 2690 cm-1.  
 Peak fitting was carried out using Wire 3.3 software and the values for the peak 
intensities extracted. The intensity ratio of the D band to that of the G band is a measure of 
the structural quality of the CNTs as the D band is attributed to the disorder-induced A1g 
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Raman mode whereas the G band corresponds to the Raman-active E2g vibration of 
neighbouring sp2 carbon atoms (representing the degree of graphitisation of the CNT)146-147. 
 
Figure 3.17: Graph of Intensity as a function of Raman shift taken at three different positions 
on CNT column showing the difference in the ID/IG ratio when the spectrum is taken on the top, 
side and in holes in the columns. 
  Hence, the ratio of intensities of the D band to the G band (ID/IG) can be used 
as a measure of structural quality of CNTs. The average ID/IG ratios of the MWCNTs was 
calculated to be 0.95 ± 0.07. This value is higher than the best reported value for growth 
using this technique108 although the MWCNTs synthesised by Ahmad et al. were grown at 
higher temperatures (650 °C), on different growth substrates and by using different 
parameters for gas pressures and gas flows. The quality of MWCNTs is known to depend on 
the synthesis temperatures with lower temperatures yielding MWCNTs with higher ID/IG 
ratios.  
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3.4.2. Characterisation of CNTs using TEM 
 Transmission electron microscopy (TEM) can be used to determine the diameter of 
CNTs be measuring the distance between two dark lines on the TEM micrographs148 
corresponding to individual walls on the CNT. Information can also be obtained about the 
number of walls and the growth method of the CNTs by visualisation of the encapsulation of 
catalyst nanoparticles within the tubes149. 
 A Hitachi HD2300A STEM with a Schottky field emitter, which can be operated at 
200 and 120 KeV accelerating voltages, was used to image the samples. The HD2300A 
STEM is a high performance FEG-STEM with a point resolution of 0.2 nm. The instrument is 
equipped with X-ray analysis (EDX – an EDAX EDX spectrometer) and parallel EELS (low 
atomic number and chemical state) spectroscopy (a Gatan Efina EEL spectrometer). 
Samples of CNTs were removed from the growth substrates into acetone before being 
dispersed using ultrasonic agitation. Due to the length and alignment of the MWCNTs, 
ultrasonic agitation was performed for 30 minutes in order to obtain a suitable dispersion. A 
drop of the suspension was dried on a carbon holey TEM sample grid. 
  
 
Figure 3.18: STEM micrograph of MWCNTs synthesised by PTCVD. 
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 A typical STEM image of a MWCNT is shown in Figure 3.18. Individual walls can 
be seen in the image as black lines, indicating a high degree of graphitisation, and the large 
majority of the MWCNTs were found to have between 3 and 4 walls. The average outer 
diameter of the MWCNTs was found to be 7.3 ± 0.2 nm. Catalyst nanoparticles were not 
seen in the TEM images taken and it was not possible to determine the growth mechanism 
in this case. The ultrasonic agitation may have removed the catalyst nanoparticles from the 
MWCNTs149. 
3.5. Conclusions 
 In this chapter the synthesis of MWCNTs using the PTCVD method is described. An 
investigation into the substrates used was carried out and Si was found to be unsuitable for 
the growth of MWCNT due to the poisoning of the catalyst by the formation of iron silicide. 
The need for catalyst support layers was outlined and two suitable candidates were 
investigated for use in PTCVD, namely SiO2 and Al2O3. Catalyst layers were deposited on 
Si/SiO2 and Si/Al2O3 and imaged using AFM, before and after annealing, revealing that the 
surface roughness of the Si/Al2O3 (0.72 nm) was greater than that of the Si/SiO2 (0.29 nm). 
Annealing of the catalyst layers on the Si/SiO2 resulted in larger catalyst nanoparticles to be 
formed (49 nm) when compared to the Si/Al2O3 (36 nm). Growth parameters were 
determined for the synthesis of long CNTs which resulted in CNTs of lengths in excess of 
200 µm and with growth rates of about 10 µm/min. These are among the best reported for 
synthesis of dense arrays of vertically aligned CNTs using PTCVD.  
 The MWCNTs were characterised using Raman spectroscopy and shown to have 
ID/IG ratios comparable to standard CVD techniques but were generally of slightly lower 
quality. The MWCNTs were imaged using TEM and shown to have a high degree of 
graphitisation. The outer diameters of the MWCNTs were measured to be 7.3 ± 0.2 nm. The 
estimated density of the MWCNTs is 4 × 1010 MWCNT per cm2. 
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Photolithography was used to pattern substrates for the growth of MWCNT arrays with 
reproducible dimensions. Growth of MWCNTs by PTCVD resulted in MWCNTs ~200 μm in 
height and of good quality, as shown by the Raman spectra. 
 
  
 
 
 
Chapter 4 
Processing of Carbon Nanotubes 
and their Characterisation 
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 Processing of carbon nanotubes and their 
characterisation 
4.1. Introduction 
 The importance of functionalising the CNTs in order to improve the adhesion of 
metals to their surfaces was described in section 2.5. However, the degree of 
functionalisation of the CNTs is highly dependent on the characteristics of the plasma 
reactor being used and the plasma etching parameters, such as the etch time and the 
plasma input power. In this chapter, the parameters required for functionalisation of the 
MWCNTs using oxygen plasma are investigated. Raman spectroscopy was used to assess 
the degree of damage caused to the crystalline structure of the MWCNTs and XPS was 
used to determine the nature of the functional groups and their concentrations. Finally, a 
method to remove the caps of the MWCNTs using a laser is presented. The effect of laser 
irradiation on the crystallinity of the MWCNTs was investigated using Raman spectroscopy. 
4.2. Plasma treatment power considerations 
4.2.1. Experimental details 
 Two different plasma reactors were considered for oxygen plasma treatments due to 
the intensity of plasma that they delivered. The first one was an Emitech K1050X plasma 
asher using an RF of 13.56 MHz, with a maximum power of 100 W and with the option of 
oxygen and argon as the plasma gases (Figure 4.1). The second was a PVA TEPLA Ion 
Series plasma asher with a maximum power of 500 W, but with minimum power of 100 W, 
also with oxygen and argon. The optimal power to be used in the experiment was 
determined by exposing the MWCNTs to the plasma for an arbitrary duration of 15 s, at 
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different power settings. The MWCNTs were subsequently characterised using Raman 
spectroscopy. 
 
Figure 4.1: Emitech plasma asher used for the functionalisation of MWCNTs. 
 MWCNTs from Nanoamor150 were used for this experiment (see Appendix 2 for 
details of MWCNTs). The MWCNTs used were vertically aligned arrays with reported 99% 
purity. Their lengths were up to 0.8 mm and their outer diameter ranged from 7 nm to 10 nm. 
The MWCNTs were synthesised on silicon using iron/nickel catalyst. The vertically aligned 
MWCNTs were kept on the silicon substrate in 5 mm × 5 mm sizes approximately. The 
MWCNT samples were placed in the middle of the plasma reactors, in both cases. The 
plasma chambers were evacuated to a vacuum level of 10-3 mBar before oxygen gas was 
introduced in the chamber. The pressure was maintained at 5 mBar, with a gas flow of 15 
sccm. 
 The minimum power at which a plasma was struck inside the chamber for the 
Emitech was 50 W and similarly 150 W for the PVA TEPLA Ion Series plasma asher.  
Hence, the power was varied between 50 W and 100 W for the Emitech in steps of 10 W. 
Steps of 50 W were used for the PVA TEPLA Ion Series plasma asher starting from 150 W 
up to 500 W. 
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4.2.2. Experimental results 
 It was observed that the PVA TEPLA Ion Series plasma asher was not suitable for 
MWCNT plasma functionalisation, as all of the MWCNTs were destroyed, leaving only the 
silicon growth substrates behind, even at 150 W (the lowest power setting). This may be due 
to growth reversal of the MWCNTs upon exposure to the energetic ions151. On the other 
hand, the Emitech had a much smaller effect on the MWCNTs. At 50 W, the MWCNTs 
appeared unchanged when visually inspected. However, as the power was increased, it 
could be observed that MWCNTs were slowly be removed from the periphery of the sample, 
with only a small patch of MWCNTs left in the middle of the silicon growth substrate at 70 W. 
For power settings of 80 W, 90 W and 100 W, the MWCNTs were again completely 
destroyed, leaving only the growth substrates behind. The resulting samples were 
characterised using Raman spectroscopy, in order to measure the effect of increasing the 
power on the presence and density of defects on the surface of the MWCNTs.  
4.3. Oxygen plasma treatment duration 
 The plasma consists of highly energetic ions which collide with atoms of carbon on 
the CNT outer wall causing defects to be created. Increasing the length of exposure of the 
CNTs to the plasma should in principle cause the amount of defects on the surface to 
increase. In this section, the effect of increasing the exposure time of the CNTs to the 
plasma at, a fixed power setting, is investigated. 
4.3.1. Experimental details 
 PTCVD-grown vertically aligned MWCNT arrays on their growth substrates were 
used in this experiment (see Chapter 3 for details). The 100 µm × 100 µm arrays were ~ 200 
µm high. The MWCNTs were inserted in the middle of the plasma chamber and the plasma 
chamber was evacuated to vacuum levels of 10-3 mBar before oxygen gas was introduced in 
the chamber. The pressure was maintained at 5 mBar, with a gas flow of 15 sccm and the 
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power was set at 50 W. The duration of the plasma exposure was varied between 0 s and 60 
s and the samples were characterised using Raman Spectroscopy. 
4.4. Investigating the effect of oxygen functionalisation using 
Raman Spectroscopy 
4.4.1. Comparison of band intensity ratios as a function of oxygen plasma 
treatment duration 
 The D and D’ bands are known to be disorder induced152-153 and are caused by the 
elastic scattering of phonons at the K and Γ points of the graphite Brillouin zone142. 
Calculating the ratio of intensities (ID/IG) of the D band (ID) with that of the G band (IG) 
provides a good indication of the crystallinity of the samples as does the ratio of intensities 
(ID’/ IG) of the D’ band (ID’) to IG, the lower the ratio, the higher the crystallinity.  
 
Figure 4.2: Raman Spectra for MWCNT arrays exposed to oxygen plasma at 50 W and 15 sccm 
oxygen flow for exposure times varying from 0 s to 60s. 
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 From Figure 4.2, it can be observed that the intensity of the D band increases with 
exposure time, as does the intensity of the D’ band, indicating increased damage (seen as a 
shoulder on the G band). The band intensity ratios for both first order and second order 
regions are shown in Figure 4.3 below. 
 
Figure 4.3: Graphs of the ratio of intensities as a function of time for (a) the D band to the G 
band, (b) the D’ band to the G band, (c) the G’ band to the G’ band, (d) the D+G band to the G 
band and (e) the D’ band to the G’ band.  All ratios show an increase in intensity with exposure 
time except for (b) and (d) the ratio is almost constant. 
 The ID/IG and ID/IG’ ratios are expected to increase with a decrease in crystallinity142, 
152, 154. In Figure 4.3a, an increase in the ID/IG ratio is observed as the exposure time to the 
plasma increases, indicating that defects were induced in the crystalline structure of the 
MWCNTs by the plasma. The ID/IG’ ratio also increases linearly as the exposure time 
increases as seen in Figure 4.3e confirming a decrease in crystallinity after exposure. 
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The ID’/IG ratio is also expected to follow the same trend. However, a slight increase in this 
ratio is observed instead. This is attributed to fitting inaccuracy due to difficulties during the 
peak fitting process as the intensity of the D’ bands were in general very low and convoluted 
with the G band; the changes in the D’ band were more difficult to observe as shown in 
Figure 4.3b. 
 Second order bands can also provide information about the crystallinity of MWCNTs. 
The IG’/IG ratio increases with increasing crystallinity155. In our measurements, the change in 
the IG’/IG ratio was very small (ranging from 0.27 to 0.35 in Figure 4.3c) but increased with 
oxygen plasma exposure time. However, these changes are very small and may be 
attributed to fitting inaccuracies due to the G’ band overlapping the D+G band. 
4.4.2. Investigation of the change in band width as a function of oxygen 
plasma treatment duration 
 It is therefore essential to analyse the second order Raman bands paying particular 
attention to the FWHM of the peak. It is widely reported in the literature that an increase in 
the FWHM of the D and D’ bands is seen for a decrease in crystallinity141, 152, 155-157. Changes 
in the band width can be small for samples with long range order, but increases in the ID/IG 
ratios and wider FWHM of the D and G peaks are signs of decreasing crystallinity71, 156.  
  Figure 4.4 shows the FWHM of the fitted peaks as a function of the exposure time to 
the oxygen plasma. The FWHM of the D (Figure 4.4a), G (Figure 4.4b), D’ (Figure 4.4c) and 
G’ (Figure 4.4d) bands all increase with increasing exposure time indicating that there was a 
decrease in crystallinity of the samples. The FWHM of the 2G decreases(Figure 4.4e), but 
the change of the FWHM for the D+G peak (Figure 4.4f) was not determined accurately due 
to the low peak intensities. 
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Figure 4.4: Graph of the FWHM as a function of exposure time for the a)  D , b) G, c) D’, d) G’, e) 
D+G and f) 2G Raman peaks obtained for MWCNT samples exposed to oxygen plasma. 
4.5. Laser etching of MWCNTs 
4.5.1. Introduction 
 As described in Chapter 3, MWCNTs are generally capped with a fullerene cap after 
the growth process, which encapsulates the catalyst nanoparticle in cases where tip-growth 
takes place. Capped CNTs have been shown to only conduct through their outer walls, with 
the inner walls not participating in conduction. Directly contacting the inner walls of the 
carbon nanotube should provide two additional conduction paths for the electrons for each 
contacted wall. Several methods can be used to remove the caps of the CNTs, as described 
in Chapter 2. However, as previously discussed, laser etching was preferred, as the vertical 
alignment of the CNTs was preserved. 
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In this section the effect of the laser etching process is described and the overall aim of this 
process was to remove the end caps of the MWCNTs The laser etched samples were 
characterised using SEM and Raman Spectroscopy. 
4.5.2. Experimental details and discussions 
 Vertically aligned MWCNTs from Nanoamor were used for the purposes of this 
experiment. 5 mm x 5 mm samples were exposed to a Kr-F laser (248 nm wavelength) with 
adjustable fluence. The laser fluence was varied from 50 mJ/cm2 to 300 mJ/cm2 and the 
samples were exposed 1, 5 and 10 pulses for each laser fluence value. Raman 
spectroscopy was performed on each sample in order to determine the changes in 
crystallinity of the samples, if any. The derived 
𝐼𝐷
𝐼𝐺
 value as a function of laser fluence is 
shown in Figure 4.5 below for 1, 5 and 10 pulses.  
 
Figure 4.5: Laser fluence dependency of the intensity ratios  for 1, 5 and 10 laser pulses 
showing increases in: a) 
𝐼𝐷
𝐼𝐺
, 𝑏) 
𝐼
𝐷′
𝐼𝐺
, 𝑐)  
𝐼
𝐺′
𝐼𝐺
  and d)  
𝐼𝐷+𝐺
𝐼𝐺
 relative to the value of the pristine CNTs 
(on 0 fluence point).  
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 Increases of the order of 10 % of the 
𝐼𝐷
𝐼𝐺
,
𝐼
𝐷′
𝐼𝐺
,
𝐼
𝐺′
𝐼𝐺
  and 
𝐼𝐷+𝐺
𝐼𝐺
 values can be seen with an 
increase in fluence for all three pulse values. However, the increases are too small to be 
significant when the inaccuracies of the fitting process are taken into account. As a 
comparison, the change in the 
𝐼𝐷
𝐼𝐺
 value was much smaller than the changes seen during 
oxygen plasma exposure (~ 10 % for laser etching as opposed to ~ 40 % for oxygen 
plasma). Analysis performed on the FWHM of the peaks in the Raman spectra also revealed 
small increases with increasing laser fluence (Figure 4.6a – f). This, combined with the small 
increases in the 
𝐼𝐷
𝐼𝐺
 value, indicates that, although some changes has taken place at the tip of 
the MWCNT array, a large amount of defects were not induced due to the laser irradiation.  
 
Figure 4.6: Graph of the FWHM as a function of laser fluence for a) D band, b) G band, c) D’ 
band, d) G’ band, e) D+G band and f) 2G bands, for 1, 5 and 10 laser pulses.  
 SEM micrographs of four samples are shown in Figure 4.7 namely a) pristine, b) 200 
mJ/cm2 10 pulses, c) 250 mJ/cm2 10 pulses and d) 300 mJ/cm2 10 pulses. It can be seen 
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that the morphology of the surface changes with increasing with laser fluence. Although the 
samples are vertically aligned MWCNTs, Figure 4.7a shows that the top of the array consists 
of randomly oriented MWCNTs. In Figure 4.7b, the disordered MWCNTs are absent with 
instead what appears to be the tips of MWCNTs or several agglomerated CNT tips. In Figure 
4.7c, large voids in the previously densely populated array can be observed where the 
MWCNTs have been removed by the high energy per unit area of the laser. Increasing the 
fluence of the laser even further causes more MWCNTs to be removed leaving even larger 
voids as shown in Figure 4.7d. 
 
Figure 4.7: SEM micrographs of samples a) pristine, b) 200 mJ/cm2 10 pulses, c) 250 mJ/cm2 
10 pulses and d) 300 mJ/cm2 10 pulses showing increasing degree of uneven etching with 
increasing laser fluence. 
 The change in morphology of the top of the MWCNT array suggests that laser 
etching shortened the MWCNTs and, since the tips were capped, removed the caps. 
However small changes in the FWHM and band intensity ratios indicate that only a small 
amount of defects are imparted to the crystalline structure of the MWCNTs. It can be 
speculated that cap removal using this method does not induce defect a significant amount 
of defects to the crystalline structure of the remaining MWCNTs.  
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 From the SEM micrographs and Raman spectroscopy, a suitable set of parameters 
for laser cap removal of MWCNTs can be deduced. Since the alignment of the MWCNTs are 
essential to the fabrication of the interconnects, the laser fluence for further experiments was 
limited to 200 mJ/cm2 for experiments involving laser etching. 
4.6. XPS analysis of functionalised carbon nanotubes 
4.6.1. Investigation of functional groups induced during plasma oxidation 
using XPS 
 The exposure to oxygen plasma is expected to introduce functionalities on the 
surface of the MWCNTs. In section 4.4, Raman spectroscopy was used to show that change 
in the structure of the MWCNTs occurred as the length of oxygen plasma treatment was 
increased. Raman spectroscopy cannot be used to determine whether the observed change 
was due to simple breakdown of the walls or grafting of functional groups on defect sites on 
the MWCNT walls. XPS is a technique that can provide useful information on both the nature 
of the functional groups and on the presence of defects158. 
 XPS is a surface sensitive technique that can be used to provide a quantitative 
assessment of the surface chemistry of materials. High energy X-ray photons are used to 
irradiate samples under test, which cause the emission of electrons from the core levels. A 
schematic of the emission process is given in Figure 4.8. The kinetic energy of these 
electrons can be measured by an electron spectrometer and represented as a graph of 
intensity as a function of electron energy.  
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Figure 4.8: Schematic of the XPS process, showing photoionization of an atom by the ejection 
of a 1s electron (Figure 1.2 Chapter 1, An introduction to Surface Analysis by XPS and AES, 
Issue 3, 2003. Copyright 2017 with permission from John Wiley and Sons [159]). 
The binding energy of the electron (EB) is the parameter that identifies both its atomic energy 
level and its parent element. EB can be calculated using Equation 4.1 below: 
𝐸𝐵 = ℎ𝑣 − 𝐸𝑘 − 𝑊     (4.1) 
where ℎ𝑣 is the energy of the X-ray photon, 𝑊 is the spectrometer work function and 𝐸𝑘 is 
the kinetic energy of the emitted photoelectron. 
 
The C1s core level peak of highly oriented pyrolytic graphite is situated approximately at 
284.5 eV. The peak is asymmetric, with a long tail extending into the higher energy 
regions160 as shown in Figure 4.9.  
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Figure 4.9: C1s XPS spectra of highly oriented pyrolytic graphite showing an asymmetric peak 
centred at ~284.2 eV. 
 Similar shaped C1s peaks have also been reported for MWCNTs161, from which 5 
peaks can be fitted at 284.5 eV, 285.1 eV, 286.3 eV, 287.6 eV and 288.8 eV, as reported by 
Hiura et al.162. The peak at 284.5 eV can be assigned to sp2 hybridized carbon atoms 
whereas the peak at 285.1 eV is attributed to sp3 hybridised carbon atoms. The peaks at 
286.3 eV, 287.6 eV and 288.8 eV are assigned to the C1s of hydroxyl carbon (─CO─), 
carbonyl carbon (─C═O) and carboxyl carbon (─COO─) respectively163. Their presence is 
still detected, in small amounts, in pristine MWCNTs and can be attributed to defects present 
during growth or adsorbed atmospheric oxygen. A further weaker feature can be found at 
291 eV which is attributed to the characteristic shakeup line of aromatic carbons (π – π* 
transition).  
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Figure 4.10: Examples of an XPS spectra of MWCNTs with (a) peaks fitted at 284.5 eV, 285.1 eV, 
286.3 eV, 287.6 eV, 288.8 eV and 291 eV corresponding to the C1s binding energies of sp2 
hybridized carbon, sp3 hybridised carbon, hydroxyl carbon (─C─OH), carbonyl carbon 
(─C═O), carboxyl carbon (─COOH) and the π – π* transition, (b) peaks fitted for oxygen at 
531.6 for C═O and at 533.2 for C─O.  
 The intensities of the peaks at 286.3 eV, 287.6 eV and 288.8 eV are relatively low in 
un-functionalized MWCNTs. An example of an XPS spectrum of MWCNTs for C1s carbon is 
shown in Figure 4.10a. The O1s spectrum consists of two peaks at 531.6 eV for oxygen 
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doubly bound to carbon atoms (C═O) and oxygen atoms singly bound to carbon atoms 
(C─O) at 533.2 eV164 as shown in Figure 4.10b. 
4.6.2. Experimental details 
 MWCNT samples were exposed to the oxygen plasma for times varying from 0 s to 
60 s and subsequently analysed using XPS. XPS analyses were performed on a 
ThermoFisher Scientific (East Grinstead, UK) Theta Probe spectrometer. XPS spectra were 
acquired using a monochromated Al Kα X-ray source (h = 1486.6 eV). An X-ray spot of 
~400 μm radius was employed. Survey spectra were acquired using a pass energy of 300 
eV. C1s and Pd3d high resolution, core level spectra were acquired using a pass energy of 
50 eV all other high resolution core level spectra including Cl2p, N1s, Si2p and O2s where 
acquired using a Pass Energy of 100 eV. All spectra were charge referenced against the 
C1s peak at 285 eV, to correct for charging effects during acquisition. Quantitative surface 
chemical analyses were calculated from the high resolution, core level spectra following the 
removal of a non-linear (Shirley) background. The manufacturer’s Avantage software was 
used, which incorporates the appropriate sensitivity factors and corrects for the electron 
energy analyser transmission function. For the C1s peaks, the binding energy of the peak 
was constrained between 296.8 eV and 277.2 eV during peak fitting and a 30 % Lorentzian / 
70% Gaussian function was used. 
4.6.3. Results and discussion 
 From the survey spectra obtained for the CNTs, two peaks can be observed which 
correspond to C1s at 284.4 eV and O 1s at 532.5 eV. The feature seen at 977.5 eV 
corresponds to the Auger electron peaks for O KLL resulting from the exposure to the X-
Rays and the peak at 1222.2 eV corresponds to the C KLL Auger electrons. On some survey 
spectra, peaks were also observed at ~ 152 eV, 102 eV and 28 eV corresponding to Si2s, 
Processing of carbon nanotubes and their characterisation  
79 
 
Si2p and O2s respectively. The presence of Si is attributed to contamination from the 
substrate, likely to have happened during breaking of the substrates post-growth.  
 
 
Figure 4.11: Survey spectra of MWCNTs functionalised for between 0 s to 60 s showing 
increase in intensity of the O1s and O2s peaks but a decrease of the C1s peak. A small 
increase in the Si2s and Si2p peaks can also be seen. 
 The C1s peaks are discussed first. As can be seen from Figure 4.11, the intensity of 
the peak for the pristine samples is much higher than the treated samples. The intensities of 
the C1s peaks decrease as the samples are exposed for longer periods of time. The O1S 
peak intensities, on the other hand, increase as exposure time increases. XPS also offers 
the possibility of finding the atomic concentrations of the atoms on the surface of the CNTs.  
 The atomic concentrations of carbon and oxygen were measured and plotted as a 
function of exposure time, as shown in Figure 4.12 and it can be seen that the concentration 
of carbon atoms decreases as more and more oxygen atoms bond to the surface of the 
MWCNTs.  
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Figure 4.12: Atomic concentration of oxygen and carbon as a function of exposure time. 
 
Figure 4.13: Peak fitted XP spectra of the C1s region for MWCNTs exposed to oxygen plasma 
for a) 0s, b) 10 s, c) 20 s, d) 30 s, e) 40 s, f) 50 s and g) 60 s. 
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 After peak fitting of the C 1s spectra based on the assignments of the peaks for the 
different surface functional groups mentioned at the beginning of this section, relative 
changes of different peak areas can be observed. Figure 4.13 shows the C 1s spectra where 
intensity variations are evident after the oxygen plasma treatment. Further quantitative 
analysis was performed on the C 1s spectra and the relative atomic concentrations of each 
type of carbon bound to oxygen are listed in Table 3 below and represented in graphical 
form in Figure 4.14 below. 
 The sp2 and sp3 carbon are discussed first. A decrease in the sp2 carbon peak is 
seen as the exposure time is increased as shown in Figure 4.14a. This is due to the 
destruction of the π-conjugation by the energetic oxygen ions81. Contrary to the observations 
of Ago et al., who reported a slight increase in the sp3 carbon peaks after oxygen plasma 
treatment161, it is observed that the relative atomic concentration of sp3 carbon atoms 
remained almost constant during the oxygen plasma treatment, as shown in Figure 4.14b. 
The breaking of the bonds observed after the plasma exposure caused an increase in 
disorder in the crystalline structure of the MWCNTs and is consistent with the changes in the 
Raman spectra as described in section 4.4. 
Table 3: Relative concentrations of functional groups present in the XP spectra of C 1s after 
exposure to oxygen plasma as a function of time. 
Exposure 
time (s) 
Relative IC1s  
sp2 sp3 ─C─O─ ─C═O ─COO─ 
0 64.9 15.7 6.8 3.7 8.3 
10 39.9 19.5 8.8 22.1 9.4 
20 38.0 11.7 11.1 27.4 11.8 
30 29.9 11.8 11.4 31.8 15.0 
40 31.0 14.8 12.2 26.8 15.1 
50 17.0 15.9 13.3 34.4 19.3 
60 27.8 14.4 15.5 26.3 15.9 
 
Increases in the relative atomic concentrations with exposure time of the ─C─O─, ─C═O 
and ─COO─ groups were observed and are shown in Figure 4.14c, Figure 4.14d and Figure 
4.14e below. This is also evidence that the increase in the atomic concentration of oxygen is 
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not only due to temporary adsorption on the surface of the MWCNT only, but due to bond 
formation between the carbon atoms and the oxygen.  
 
-  
Figure 4.14: Graphs of atomic concentrations as a function of exposure time obtained from XP 
spectra of MWCNTs treated in oxygen plasma for a) sp2 carbon, b) sp3 carbon, c) ─C─O─ 
groups, d) ─C═O groups and e) ─COO─ groups. 
 As mentioned in Chapter 2, the presence of functional groups is desirable as they act 
as nucleation sites for metals during the evaporation/sputtering process. However, it is 
expected that the conductivity of the MWCNTs would be affected by increasing the number 
of defects. It has been reported in the literature that defects introduced by oxygen plasma 
increase the number of scattering sites and adversely affect the mean free path of 
electrons85. The merits of functionalisation of MWCNTs to promote adhesion are presented 
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in Chapter 5. An analysis of the interaction between the evaporated metals and the 
functional groups is discussed next.  
4.7. Metallisation of functionalised MWCNTs 
4.7.1. Experimental details 
 The deposition of certain metals on the surface of the MWCNTs is desirable as these 
can act as wetting layers between the MWCNTs and any metal trying to bind to the surface. 
In order to gauge whether there is any interaction between the MWCNT wall and the 
deposited metals, 3 nm thick layers of palladium were deposited on the surface of the 
MWCNTs by magnetron sputtering, using 99.9 % palladium, under high vacuum. The 
metallisation was performed using a JLS magnetron sputterer (Figure 4.15). Samples were 
placed in the load locked enclosure, which was pumped down to 1mBar. The sample was 
subsequently introduced in the sputtering chamber before being brought to high vacuum. 
The platen containing the samples was set to rotate at 12 rpm and argon gas was introduced 
inside the chamber. The parameters for deposition have been experimentally determined 
and are available as predefined recipes. For all metals, deposition rates have been 
predetermined and deposition times can be easily calculated depending on the required 
thicknesses. 
The MWCNTs were functionalised using the same regime as described in section 4.2. All 
samples were coated simultaneously with the palladium and very thin layers of palladium 
were used in order to allow XPS analysis of the interface between the metal and the 
MWCNT walls. XPS analyses were performed on the samples using the same parameters 
as described in section 4.6.2 apart from the binding energy constraints which were placed at 
351.6 eV and 328.0 eV. 
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Figure 4.15: The JLS magnetron sputterer. 
 Palladium is known to nucleate at defect sites along the MWCNT wall in order to 
produce quasi-continuous layers of metal on the surface. It is shown in section 4.6.3 that the 
concentration of oxygen-containing carbon groups on the MWNCTS increased as 
functionalisation time was increased. However, it is not known whether the functional groups 
would react with the palladium metal to change its oxidation state from Pd(0) to Pd(II). It has 
been reported that palladium exposed to oxygen forms an oxide changing the oxidation state 
from Pd(0) to Pd(II). In XPS spectra, this change of oxidation state causes the palladium 
doublet (at 335.5 eV and 341.8 eV) to shift the binding energy up by about 1 eV165. 
 In Figure 4.16a, the XPS spectra obtained from the functionalised MWCNTs (with a 3 nm 
thick layer of Pd) are shown for increasing exposure times to the oxygen plasma. It can be 
seen that the intensities of the Pd3d3/2 and Pd3d5/2 peaks for Pd(0) decrease as those of 
Pd(II) increase, with increasing exposure times. The atomic concentrations of the Pd3d5/2 for 
Pd(0) and Pd(II) is shown in Figure 4.16b and it can be seen that the concentration of Pd(0) 
decreases while that of Pd(II) increases, with increasing exposure time. Both of these 
observations indicate that a higher amount of palladium oxide is present on the MWCNT as 
functionalisation time increases. 
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Figure 4.16: a) Pd3d core level spectra showing an increase in the intensity of the fitted peaks 
of the oxidised state of palladium ( Pd(II) )  and a reduction in intensity of the fitted peaks for 
the metallic form ( Pd(0) ) with increasing exposure time to oxygen plasma, b) atomic 
concentration as a function of exposure time showing increase in oxidised state and decrease 
in the metallic form of Palladium. 
 Palladium oxide/CNT junctions has been reported to have large resistances166 and 
therefore a high atomic concentration of palladium oxide is not desirable. The exposure time 
to the oxygen plasma should be carefully considered in order to have the correct balance 
between improvement in adhesion (as discussed in Chapter 5) and electrical conductivity 
across the metal/CNT junction. 
4.8.  Conclusions 
 MWCNT arrays were synthesised using PTCVD and subsequently exposed to 
oxygen plasma and laser irradiation. Raman spectra of the samples were obtained from 
which the Raman intensity ratios and FWHM were analysed as a function of exposure time, 
for the oxygen plasma treated samples. Due to the changes in the band intensity ratios, it 
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can be concluded that defects are induced in the crystalline structure of the MWCNTs. It was 
also observed that longer exposure times to the oxygen plasma caused more defects to be 
induced. Increases in the FWHM of the Raman peaks with longer exposure times also 
indicated that the crystallinity of the samples was adversely affected with longer exposure 
times. 
 The effect of laser irradiation of MWCNTs was also investigated using Raman 
spectroscopy. SEM micrographs of irradiated samples showed changes in the morphology 
of the MWCNT arrays indicating that a reduction in length of the vertically aligned MWCNTs 
was achieved. However, small changes in the band intensity ratios and FWHM of the Raman 
peaks of the MWCNTs suggest that, only a small amount of defect were present after 
irradiation.  
 The introduction of defect in the form of functional groups, such as carboxyl, carbonyl 
and hydroxyl groups, was confirmed using XPS. XPS measurements for increasing oxygen 
plasma exposure times showed increasing concentrations of functional groups, confirming 
the deductions made from the Raman spectroscopy measurements. A study of the effect of 
the functional groups on Pd layers on CNTs showed that an increasing amount of palladium 
oxide was obtained, for increasing oxygen plasma exposure times. Palladium oxide forms 
poor contact with CNTs and therefore the exposure time should be limited, while still 
satisfying the requirements for improving adhesion. 
  
 
 
 
 
 
 
Chapter 5 
Investigation of the Wettability of 
Carbon Nanotubes with Solder 
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 Investigation into the wettability of carbon nanotubes 
with solder 
5.1. Introduction 
 Wetting of solder to metal finishes is a key step in device assembly in the electronics 
industry. The characterisation of surface finishes is carried out using the well-established 
wettability testing methodology. The adhesion of solder to MWCNTs is a key step in the 
fabrication of interconnects. In this chapter, the use of wettability testing to characterise the 
wetting of solder to MWCNTs so as to fine tune the metal surface finishes of the MWCNTs 
for the fabrication of interconnects, is described. A methodology was developed to adapt the 
wettability method to measure the wetting of solder to CNTs. Different parameters, such as 
metallisation and functionalisation time, were investigated so as to determine the best 
combination of metals and length of exposure to oxygen plasma. 
 The wetting of the CNT surface may play an important part in the subsequent 
interaction between the solder and the CNTs. A hypothesis is proposed that the larger the 
surface area of the CNTs in contact with the solder, the stronger the adhesion force will be. 
A short discussion on wetting theories as applied to our system follows. 
5.2. Wetting of surfaces, a brief theory 
 When considering a material, the surfaces and interfaces are at a higher free energy 
than the bulk phases. Surface energy is the work per unit area done by the force that creates 
a new surface. Having a higher free energy causes the surface to be unstable and there is 
then a thermodynamic drive to minimise surface and interfacial energies. This can be 
achieved in several ways: 
 Adsorption of impurities of lower surface energies resulting in contamination. 
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 Surface to volume ratios minimise (spherical droplet formed in isotropic liquids and 
 faceting in crystalline solids). 
 Surface molecules re-orient with polar groups inwards and non-polar groups 
outwards except in water. 
5.2.1. Cohesion forces 
 When the forces (such as Hydrogen bonding and Van der Waals forces) act between 
like molecules to keep them together, they are referred to as cohesion forces. On the other 
hand, adhesive forces are forces that act between unlike molecules to keep them together. 
The work of cohesion, WAA, is the free energy change or work done to separate molecules of 
a material from contact to infinity and is related to the surface free energy γ by equation 5.1 
below: 
𝑊𝐴𝐴 = 2𝐴𝛾                (5.1) 
Where A is the area of the newly formed surfaces as shown in Figure 5.1 below: 
 
Figure 5.1: Splitting of a material forming two new surfaces of area A. 
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5.2.2. Adhesion forces 
 Adhesion forces act between the surfaces of two different bodies in contact. The 
interfacial energy γ12 is given by the Dupré equation shown in equation 5.2 below: 
𝛾12 = 𝛾1 + 𝛾2 − 𝑊12             (5.2) 
Where γ1 is the surface free energy of liquid 1, γ2 is the surface free energy of liquid 2 and 
W12 is the work of adhesion normalised per unit area. Figure 5.2 shows a schematic of the 
adhesion process. 
 
Figure 5.2: Adhesion between two surfaces. 
5.2.3. Young’s equation 
 The interactions between forces of adhesion and cohesion determine whether or not 
wetting of a surface will occur. When a drop of a liquid is placed on a solid surface, two 
possibilities exist: 
 The liquid spreads on the surface completely and therefore the contact angle θ is  
zero 
 The liquid has a finite contact angle with the surface 
Figure 5.3 below shows a schematic of the contact angle of a liquid droplet on a solid 
surface where θ is the contact angle, γSL is the surface tension between the solid and the 
liquid, γSV is the surface tension between the solid and the surrounding vapour and γLV is the 
surface tension between the liquid and the surrounding vapour. 
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Figure 5.3: Schematic of the contact angle of a liquid droplet on a solid surface. 
 At the wetting line, three phases (solid, liquid and gas) are in contact and the contact 
angle θ results as the balance between the cohesive forces (the attractive forces within the 
liquid) and the adhesive forces (and the attractive forces between the liquid molecules and 
the solid molecules). In order to minimise energy, a balance between these forces is 
established. Young’s equation167, shown below in equation 5.3 can be used to characterise 
the surface energy of a solid surface γSV if the angle θ, γSL and γLV are known. 
𝛾𝑆𝑉 = 𝛾𝐿𝑉𝐶𝑜𝑠𝜃 + 𝛾𝑆𝐿     (5.3) 
The wettability of water depends on the angle θ and can be used to classify substances from 
being super-hydrophilic (θ<30º) to being super-hydrophobic (θ>150º). Table 4 below shows 
the degree of wetting as a function of contact angle. 
Table 4: Degree of wetting and contact angles. 
Contact angle θ (º) Degree of wetting 
0 Complete wetting 
0 < θ < 90 High wettability 
90 ≤ θ ≤ 180 Low wettability 
180 Complete non-wetting 
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5.2.4. Wetting models 
 So far, the surface has been assumed to be perfectly flat and free of impurities. In 
practice, impurities adsorb onto surface and nature of surfaces is very rarely flat. Textured 
surface usually trap air which changes the surface energy of the system and impurities also 
tend to have the same effect. Three approaches can be considered when the effect of 
roughness on contact angle is described: 
5.2.4.1. The Wenzel model 
 The roughness ratio r of a surface is described as the ratio of true surface area to the 
apparent area. As shown in Figure 5.4 below, the liquid is assumed to completely 
impregnate the surface of the solid. 
The apparent contact angle θ* is weighted by the roughness ratio as follows: 
𝐶𝑜𝑠𝜃∗ = 𝑟𝐶𝑜𝑠𝜃             (5.4) 
5.2.4.2. The Cassie-Baxter model168 
 When the liquid does not impregnate the surface and has air trapped underneath the 
drop, as shown in Figure 5.4, the Wenzel model is not sufficient. Then the Cassie Baxter 
equation for the apparent contact angle should be used as shown by equation 5.5. 
𝐶𝑜𝑠𝜃∗ = 𝑓𝐶𝑜𝑠𝜃𝑌 + 𝑓 − 1             (5.5) 
Where rf is the roughness ratio of the wet surface area and f is the fraction of solid wet by 
the liquid. 
5.2.4.3. The transitional model 
 As the drop goes from the Cassie state to the Wenzel state, liquid starts to fill the 
gaps from the middle of the drop creating a transitional state. Then the penetration condition 
is given by equation 5.6 below. 
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𝐶𝑜𝑠𝜃𝑐 =
𝜙−1
𝑟−𝜙
              (5.6) 
Where θc is the critical contact angle, ϕ is the fraction of total surface area where liquid is in 
contact with solid and r is the roughness. 
 
Figure 5.4: Schematic of the Cassie, transitional and Wenzel states for a liquid droplet on a 
rough surface169. 
 The Laplace equation relates the radius of curvature r, the pressure difference across 
the liquid/vapour interface ΔP, surface tension γ and contact angle θ as shown by equation 
5.7 below: 
∆P =  
2γCosθ
r
               (5.7) 
Using equation 5.7 above, it can be seen that θ has to be less than 90º in order for ΔP to be 
positive. If θ is greater than 90º, the ΔP is negative and pressure has to be applied for the 
liquid to enter the CNT by capillarity170. 
 The models described so far bear no consideration of the physico-chemical 
properties and therefore it is difficult to compare values from different liquids for example. 
The Owens and Wendt Model171 can be used for surfaces that show dispersive (Van der 
Waals) and non-dispersive (polar or acid-base) properties. The relationship between surface 
energy, 𝛾𝑠, the dispersive component 𝛾𝑠
𝑑 and the non-dispersive component 𝛾𝑠
𝑛𝑑 is given by 
equation 5.8 below: 
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γs = γs
d + γs
nd
         (5.8) 
The relationship between tension components and contact angle is given by equation 5.9 
below: 
𝛾𝐿(1 + 𝐶𝑜𝑠𝜃) = 2√𝛾𝑆
𝑑√𝛾𝐿
𝑑 + 2√𝛾𝑆
𝑝√𝛾𝐿
𝑝
            (5.9) 
 The exposure of CNTs to oxygen plasma172 or acid treatment173 can introduce 
oxygen containing functional groups, causing a shift in the polarity of the surface. This 
controls the wettability of the surface of the CNTs. Ramos et al reported a change from a 
hydrophobic state to a hydrophilic state when carrying out oxygen plasma treatment of 
vertically aligned CNTs (VACNTs)174, measured and calculated using the Owens and Wendt 
relationship (equation 5.8). 
5.3. Wetting balance testing as a tool in industry 
 Metallic surfaces interact with solder in different ways. The adhesion strength of 
solder to metals surfaces and the speed of wetting can also vary. The speed of wetting 
depends on the thermal demand of the material and the wettability of the surface. The 
solderability of the material is a combination of these two properties. Solderability is the 
ability of a metal to be wetted by molten solder, as described in J-STD-002D and in 
accordance with IPC-T-50.The solderability of a component termination is the property 
defining its total suitability for industrial soldering. Three key aspects are to be considered: 
Thermal demand, wettability and resistance to soldering heat. Firstly, the thermal 
characteristics of the components must enable the joint area to be heated to the desired 
temperature for the duration of the soldering operation. Secondly, the surface must allow 
wetting by the solder within the time available for soldering without de-wetting. Thirdly, the 
soldering heat must not affect the performance of the component beyond specified limits175. 
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 The wettability of a metal surface is affected by the presence of thin film oxides, 
grease and other organic substances. Modern soldering lines process large numbers of 
components simultaneously and it is crucial that the soldering is successful at the first 
attempt. A quantitative solderability test is usually carried out on samples in batches of 
components to obtain quantitative measurements of the wetting speed and adhesion force 
(in other words, the solderability of the component). The wetting balance test is a standard 
test method for boards and components that provides simple pass/fail data on tested 
components. In the wetting balance test method, the sample under test is suspended from a 
sensitive load cell and immersed edgewise, at a controlled rate and to a set depth, into a 
bath of molten solder. The sample is subjected to time variant vertical forces of surface 
tension downwards and buoyancy upwards. These can be detected by a transducer and 
recorded. A brief theory on the technique is presented in the subsections below. The 
wettability tests make use of some of the theories above as will be described in the following 
sub-sections. 
5.4. Wetting of solder on substrates 
In order to obtain wetting between a substrate and molten solder, the substrate metal 
must react to form an alloy with the metal in the solder (usually Sn). Contaminants on the 
surface form a barrier between the two metals and thus prevent the alloying process. 
When solder is melted, the droplet formed will turn into a globule due to the surface 
tension force of the solder. At the surface, there is an imbalance of inter-atomic force while 
inside the globule, the atoms are uniformly surrounded by other atoms causing the net force 
to be zero. The imbalance of forces near the surface causes the surface atoms to be 
attracted into the globule, minimising free energy. This can only be achieved by having a 
shape with minimum surface to volume ratio i.e. a sphere. 
When a molten solder globule is placed on a substrate surface, the resulting force of 
the advancing solder is as described in section 5.2.3. If the cohesive forces exceed the 
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adhesive forces, the wetting angle will remain greater than 90º and therefore the drop 
remains sessile and no wetting will take place as shown in Figure 5.5a. However, if the 
adhesive forces are greater than the cohesive forces, then the system will react to reduce 
the free energy by forming intermetallic metallurgical bonds. Some metals will readily form 
intermetallics with Sn while others will not. This explains why some metals can be soldered 
and others cannot. 
 
 
Figure 5.5: a) Sessile drop formation on oxide layer due to intermetallic formation prevention, 
b) low wetting angle formed by solder on copper substrate due to intermetallic formation. 
The surface of copper is normally covered with a thin film of copper oxide and/or organic 
contaminant films which reduce the adhesion forces. Flux is used to remove the surface 
oxide present on the surface of metals thus increasing the surface tension of the solid176 and 
lowering the surface tension between the liquid solder and the air. 
a) 
b) 
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5.5. The wetting balance test 
The meniscus around a solid partly immersed in a liquid exerts a force on the solid 
through surface tension. This is the principle behind the Wilhelmy plate method where a 
plate is completely wetted by a liquid so that the contact angle is zero and the force exerted 
on it is measured. An interpretation of the Wilhelmy plate method and its relation to 
solderability is reported by Orr et al.177.  Traditionally, solderability testing has been used to 
evaluate the effect of processing on components and the efficiency of soldering fluxes. The 
wetting balance test measures the surface tension and buoyancy of components when 
immersed into molten solder globules or baths. The vertical force acting on the component is 
monitored using a transducer linked to a computer which analyses the data. The 
components can be dipped into the solder in two ways: 
 A flat surface is inserted into a solder bath parallel to the surface of the solder 
 A flat surface is inserted at an angle to the horizontal plane of the solder. 
The former is discussed here first. The flat surface of the component is inserted into 
the solder at a rate ~ 20 mm/s which causes the surface of the solder to be depressed. At 
this stage no wetting has yet occurred. The plate displaces a volume of solder equal to the 
volume of the immersed plate, causing a buoyancy force. The surface tension γ of the solder 
attempts to push the component upwards and acts at a tangent to the solder surface, at an 
angle θ. This is illustrated in Figure 5.6a below. 
 
Figure 5.6: a) Schematic of a component plate entering a solder surface showing contact angle 
θ before wetting and b) showing contact angle after wetting. 
m α α 
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The solder rises up the plate as it wets the metal plate. The surface tension changes 
direction and acts downwards while buoyancy is still present as before. The vertical 
component of the surface tension is now acting in the opposite direction, trying to pull the 
component into the solder bath, as shown in Figure 5.6b above.  It is this change in the 
surface tension force that is measured by the wetting balance.  
 
Figure 5.7: Schematic of a typical force as a function of time plot for a wetting balance test 
with dipping sequence178. 
During the wetting process, as the surface tension changes from acting upwards to 
acting downwards, there is a point where it points horizontally. At that point, the only force in 
the vertical direction is that of the buoyancy which acts upwards. 
The force measured by the wetting balance can be determined using equation 5.10: 
𝐹 = 𝛾𝑝𝐶𝑜𝑠𝜃 − 𝑔𝜌𝑉           (5.10) 
Where p is the specimen perimeter, g is the gravitational acceleration, ρ is the density of the 
solder and V is the immersed volume. Figure 5.7 shows a schematic of a typical force as a 
function of time plot for a wetting balance test with dipping sequence. 
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Point 1 -  The solder bath drives up and makes contact with the component.  
Point 2 –  The bath stops at the pre-set immersion depth and the component is fully 
immersed. The wetting force is negative because θ > 90º and Cosθ is negative in 
equation 5.1 
Point 3 –  Here θ = 90º and surface tension acts horizontally. Since Cosθ is zero, the only 
force acting upwards is the buoyancy. The buoyancy line is sometimes used as a 
fixed reference point in standardised test methods. The solder subsequently starts 
to rise up the side of the component. 
Point 4 –  The solder continues to rise up the component causing the surface tension to 
increase due to the lowering of θ. The force eventually reaches a maximum and 
remains stable until point 5 
Point 5 –  The test normally ends here and a spike is produced when the component is 
removed from the solder bath. 
Point 6 –  The component has been completely removed and the force returns to zero or just 
above if some solder remains on the component. 
Once the maximum wetting force has been reached, it should in principle remain stable. 
However, in cases where de-wetting takes place, a decrease in the wetting force was 
observed. 
So far, the flat insertion of components with long termination leads into solder baths 
has been considered. However, components’ terminations come in various lengths and 
those with shorter lengths are not suitable for the method above due to the height of rise m 
of the solder meniscus, as shown in Figure 5.6b. m can be derived from the elastica curve 
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equation for the shape of liquid meniscus179, as shown below in equation 5.11, where α 
represents the angle made by the immersed surface to the horizontal.  
𝑚 = 2√
𝛾
𝜌𝑔
𝑠𝑖𝑛 (
𝛼−𝜃
2
)            (5.11) 
For 60Sn40Pb solder at 235 ºC using rosin based flux, the value of γ is about 0.4 Jm-2 and ρ 
is about 8 g/cm3. The typical wetting angle θ is about 40º and the angle α is 90º. This results 
in a value of m of ~ 2 mm, which is a termination length uncommon in modern components. 
The solution to this problem lies in the reduction of the angle α by the use of a curved 
solder surface, as shown in Figure 5.8 below. To achieve this, a globule of solder is used 
instead of a solder bath. This technique, called the micro-wetting balance, uses a 200 mg 
solder pellet. It would be expected in this case that the maximum wetting force would 
decrease due to the lower amount of wetting that takes place. However, it is observed that 
the wetting force is larger than expected. This is attributed to distortion forces that arise 
when the globule shape changes shape as result of the limited amount of solder available in 
the globule as compared to the solder bath180. 
The orientation of the component plate can further be adjusted by tilting the 
component with respect to the horizontal in order to present wettable surfaces to the solder. 
This is done in order for the solder to wet the component surface under investigation before 
the solder comes into contact with non-wettable surfaces. This would remove energy from 
the system causing the contact angle to remain at zero slowing the progression of the solder 
up the surface of the component. 
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Figure 5.8: Angle of insertion when using a solder globule. 
The American National Standards Institute (ANSI) and the International Electro-
technical Commission (IEC) have developed two standards relating to solderability: 
 IPC/ANSI-J-STD002 - Solderability Testing for Components 
 IPC/ANSI-J-STD003 - Solderability Testing for Circuit Boards 
 The IPC/ANSI-J-STD002 standard has specific guidance relating to the interpretation 
of wetting curves. A very common solderability index is the wetting time T, measured from 
the buoyancy line, the time passed until the force has reached two thirds of its maximum. 
However, the maximum wetting force is not specified as different pad sizes will produce 
different wetting forces. 
 In order for MWCNTs to be used as interconnects, the wettability of these tubes with 
solder must be assessed. Although some work has been carried out on the wettability of 
MWCNTs using liquids such as water181, polythene glycol and glycerol182, wetting force 
characterisation has not been studied. Furthermore, wetting balance tests have been used in 
industry to characterise standard components, but have not been used for the 
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characterisation of the wettability of CNT surfaces with solder. In this section, this standard 
technique is adapted to achieve better wetting of CNT surfaces by the optimisation of the 
functionalisation and metal coatings deposition. 
5.6.  Wetting balance testing of functionalised carbon nanotubes 
5.6.1. Experimental setup 
 MWCNTs from Nanoamor were used for experiments carried out in this section due 
to the uniform height achieved during their synthesis. All MWCNTs used here were adhered 
to their growth substrates. Samples approximately of size 5 mm by 5 mm were cut from the 
purchased wafers and stuck to a strip of FR4 laminate for support; this facilitated handling as 
well as clamping of the samples on the load cell of the solderability machine (Figure 5.9b). 
An example of a sample thus made can be seen in Figure 5.11. Functionalisation of some 
samples were carried out in the Emitech plasma asher at 50 W for varying lengths of time. 
Metallisation of the samples were carried out using a magnetron sputterer for all the different 
metals used in this investigation.  
 The MUST III solderability tester (Figure 5.9 a and c) is a fully automated system 
which controls the descent speed of the sample towards the solder and also monitors the 
wetting force upon contact with a resolution of 0.01 mN. The MUST III was used in the 
solder globule mode, using a 25 mg Sn63Pb37 solder pellet. The solder temperature was 
250 °C, no pre-heat was used.  
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Figure 5.9: (a) Image of The MUST III showing the location of the sample relative to the solder 
pot, (b) clamp holding a typical sample prepared using metal coated MWCNTs on their growth 
substrate stuck to a strip of FR4 laminate and (c) the sample in position at 45° above the 
molten solder. 
Actiec 5 flux was added to the solder ball produced so as to remove any oxide layers formed 
on the surface which might interfere with the wetting force measurements. The immersion 
speed was 1 mm/s and the immersion depth 0.10 mm. The force data was acquired over 5 
seconds and plotted as a function of time. The MWCNTs were dipped at 45°, as an example 
shown in Figure 5.9c. 
5.6.2. Wetting balance testing of pristine and functionalised MWCNTs.  
The solderability measurements of functionalised but uncoated MWCNTs compared 
to pristine MWCNTs are first discussed. The Pristine MWCNTs showed a negative wetting 
force indicating that the solder did not wet the CNTs. Functionalised MWCNTs treated under 
oxygen plasma for 60 s and 120 s also exhibited similar behaviour as demonstrated in 
Figure 5.10 below. 
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Figure 5.10: Graph of wetting force as a function of time for Pristine MWCNTs and 
functionalised MWCNTs treated for 60 s and 120 s in oxygen plasma. 
Although there seems to be an improvement in the wetting force, all negative wetting 
forces are treated as non-wetting since the solder does not adhere to the surface. Wetting 
only takes place when the force increases to the point where the buoyancy force is less than 
the wetting force, as described in section 5.5. Here it can be seen that the force slowly rises 
for all the samples at roughly the same rate but the initial buoyancy applied to the sample is 
reduced. This could be because a smaller area was initially in contact with the solder globule 
(due to the geometry of the sample) leading to a reduced volume inserted inside the solder 
globule. The negative wetting force that is observed throughout is an indication that 
functionalisation alone does not perceptibly improve wetting force. Solder forms bonds by 
the formation of intermetallics between the solder and the substrates (generally made out of 
metals like copper). In this case, only carbon (and a small amount of oxygen) is present, 
which do not form intermetallics with solder. Therefore, it is not expected that the solder 
would wet the surface of the MWCNTs. 
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5.6.3. Wetting balance testing of Au coated Pristine MWCNTs and 
functionalised MWCNTs 
In this experiment, a 200 nm layer of gold was deposited on pristine MWCNTs and 
MWCNTs exposed to oxygen plasma for 30 s. Positive wetting forces were observed for 
both samples when wetting balance tests were carried out, indicating that the solder wet to 
the gold layer as shown in Figure 5.11 below.  
 
Figure 5.11: Graph showing wetting force as a function of time for Pristine MWCNTs, Au 
coated Pristine MWCNTs and Au coated functionalised MWCNTs. 
All Au coated samples showed positive wetting forces regardless of whether 
treatment in oxygen plasma was carried out. Although there appears to be a larger wetting 
force for the F-MWCNT samples in this case, this was not consistently true for all samples. 
However Au coated samples consistently showed positive wetting forces. Gold is often used 
as an interface material on printed circuit boards to stop oxidation of copper tracking and to 
promote wetting of solder to the surfaces. However, gold has a high dissolution rate into 
Sn63Pb37 solder, which causes the gold to dissolve into the bulk of the solder away from 
the surface183. Hence, if the gold is not properly adhered to the surface of the MWCNTs in 
question, de-wetting of the solder may occur after the initial wetting step due to dissolution 
of the gold into the solder.  
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5.6.4. The effect of oxygen plasma exposure time on the wetting force of 
solder on Au-coated pristine MWCNTs and functionalised MWCNTs 
Pristine MWCNTs were treated with oxygen plasma using the conditions described in 
Chapter 4 for 0s, 7s, 10s, 20s and 30s. The MWCNTs were metallised using magnetron 
sputtering before wetting tests were carried out. Optical images of the samples were taken 
using a digital camera mounted on a microscope and the area wet by the solder was 
measured. An image of a typical sample obtained after the wetting balance test is shown in 
Figure 5.12 below.  
 
Figure 5.12: a) Top view and b) side view of Au-coated MWCNT sample, after wetting balance 
test showing solder attached. 
The area wet by the solder was found to have a correlation with the observed wetting force. 
A graph of the maximum wetting force for each sample was plotted against the measured 
area as shown in Figure 5.13 below. 
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Figure 5.13: Graph of wetting force as a function of wetted area of Au coated samples for 
different oxygen plasma treatment times. 
 From Figure 5.13 above, it can be seen that a clear relationship exists between the 
wet area and the wetting force achieved. It can also be observed that for the Au coated 
Pristine MWCNTs (denoted Au on the graph), in general, the wetting force seems to be 
lower than the force achieved by the Au-coated functionalised MWCNTs (denoted 7s, 10s, 
15s, 20s, and 30s on the graph). The data was fitted with a 2nd order polynomial function as 
shown in equation 5.12 below: 
𝐹 = −0.011𝐴2 + 0.38𝐴 − 0.4      (5.12)  
Where A is the wet area and F is the wetting force. The uncertainty for the fitting parameters 
were found to be ±0.002, ±0.03 and ±0.1 for -0.011, 0.38 and -0.4 respectively. The graph 
did not pass through the origin as expected, as only a part of the wetting force goes to 
cancel out the buoyancy, as explained in section 5.5. 
 The variability in the results is attributed to the formation of cracks along the leading 
edge of the solder during the wetting process which prevents further spreading of the solder 
along the surface, as shown in Figure 5.14. MWCNTs in the array are held together with Van 
der Waals forces resulting in separation from the bundles when any small forces are applied 
to individual tubes. The formation of the cracks is found to happen in all samples, regardless 
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of the treatments applied before the test. SEM imaging of the samples does not reveal any 
cracks in the surface prior to wetting balance tests. 
 
Figure 5.14: SEM micrographs of Au functionalised MWCNTs after wetting balance tests 
showing formation of cracks on the surface of the MWCNTs. 
 Wetting balance test carried out on traditional components have also shown a similar 
dependence of the wetting force on the wet area184, although Wassink et al.183 reported that 
the spreading of the solder across the surface was limited by the geometry of the sample 
and not by damage to the surface.  
5.6.5. Palladium and palladium-gold coated functionalised MWCNTs 
 Functionalised MWCNT samples were coated with 200 nm of Pd by magnetron 
sputtering and wetting balance test were again carried out. As predicted, the wetting forces 
observed were all negative as can be observed in Figure 5.15a. On the other hand, upon 
deposition of 200 nm of Au on the surface of the Pd coated functionalised MWCNTs (Pd-Au 
MWCNTs), a positive wetting force was again obtained, as in section 5.6.3. From this it can 
be deduced that the Au layer promotes wetting of the solder to the functionalised MWCNT 
surface. Palladium, a largely unreactive metal, has a low dissolution rate in Sn63Pb37 but 
also has low solderability due to the oxide layer that forms on its surface on exposure to 
air183. 
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Figure 5.15: Wetting force as a function of time graphs for a) Pd-coated functionalised 
MWCNTs b) Pd-Au coated functionalised MWCNTs. 
5.6.6. Nickel-coated carbon nanotubes 
 Functionalised MWCNTs were coated with 200 nm of Ni by magnetron sputtering. 
Wetting balance testing was carried out to assess the wettability of the surface.  The wetting 
forces for Ni were negative due to the fact that Nickel oxides are formed on the surface. Ni 
has a low dissolution rate by SnPb solders and also very low solderability. The wetting force 
as a function of time graphs of Ni coated functionalised MWCNTs are shown in Figure 5.16 
below. 
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Figure 5.16: Wetting force as a function of time graphs of Ni coated functionalised MWCNTs. 
5.6.7. Fluxed metal coated carbon nanotubes wettability tests 
 An option to facilitate wetting of solder to the deposited metals is investigated here 
through the use of fluxes. Flux is a common addition to soldering, acting as a reducing agent 
which prevents the formation of oxides on the surfaces being wet by the solder. 
Functionalised MWCNTs were coated with Pd, Ni and Pd-Au as for the previous tests and 
10 μL of Actiec 5 pure rosin-based, halide-activated, liquid flux was added to the samples. 
Wetting balance tests were again carried out. 
 For the Palladium coated functionalised MWCNTs in Figure 5.17a, it can be 
observed that the wetting forces towards the end of the tests reach positive values indicating 
that wetting has eventually taken place. A notable difference is seen between the wetting 
behaviour of Pd-Au coated MWCNTs (Figure 5.15b) and fluxed Pd-Au (Figure 5.17b), with 
the fluxed samples not wetting the MWCNTs immediately. Solvents are present in the fluxes 
used which evaporate during the soldering process. Bursts of solvent vapour may cause 
upward forces, which affect the solderability force readings. In Figure 5.17c, Ni coated 
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samples show negative wetting forces although flux was added to them, this is in agreement 
with the predictions that were set out above. 
 
 
Figure 5.17: Wetting force as a function of time graphs for a) Pd, b) Pd-Au and c) Ni coated F-
MWCNT samples with 10 μL of added flux showing positive wetting forces which indicate that 
wetting has taken place for Pd and Pd-Au but not for Ni samples. 
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The Pd fluxed samples showed an improvement in the wetting forces with the solder wetting 
to the Pd. This is again attributed to the removal of oxides from the surface of the Pd which 
allows the solder to wet to the Pd coated MWCNTs. 
5.6.8. Wettability tests of laser-etched metallised MWCNTs 
 As described in Chapter 2, the exposure of MWCNTs to a laser can cause opening of 
MWCNTs by cap removal and therefore expose the inner walls for conduction. An 
investigation into the wetting behaviour of solder to MWCNT samples which were laser 
etched, before being functionalised and coated with Pd-Au, is presented here. 
 Firstly, the morphology of the tips of the MWCNTs after the metallisation step is 
investigated. Figure 5.18a shows a high resolution, secondary electron TEM micrograph of 
the sample. The MWCNTS are agglomerated in small bundles which are then covered near 
the tip with a layer of metal. In the Z-contrast image, in Figure 5.18b, the brighter part of the 
image represents elements of higher atomic masses than the carbon atoms in the MWCNTs 
at the bottom of the image. The tips of the bundles are darker due to the fact that the 
electrons cannot be transmitted through the thick layer of metal. It can therefore be 
concluded from both images that encapsulation of the tip of the bundles with a metallic 
material has been achieved. 
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Figure 5.18: a) Secondary electron and b) Z-contrast TEM micrographs of laser etched sample 
at 200mJ/cm2 - 10 pulses. 
 
Figure 5.19: Wetting force as a function of time for laser etched Pd-Au samples. 
 Wetting balance tests were carried out on the samples. Flux was not added to the 
samples initially and, as can be seen in Figure 5.19, all of the samples tested showed 
negative wetting forces. This is contrary to the observations from Figure 5.15b where 
positive wetting forces were obtained from Pd-Au coated MWCNTs. It was expected that the 
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gold would promote wetting of the solder to the MWCNTs as was the case for Au-Pd 
functionalised MWCNT samples in section 5.6.5. 
Addition of 10 μL of flux showed a different wetting behaviour, as shown in Figure 5.20. The 
wetting force drastically changes with addition of the flux with all samples showing positive 
maximum wetting forces. The time taken to achieve maximum wetting force was greater 
again as was observed when flux was previously used. 
 
Figure 5.20: Graph of wetting force as a function of time for laser etched, Pd-Au coated 
functionalised MWCNTs with added 10 μL of flux. 
 SEM micrographs of laser etched Pd-Au functionalised MWCNTs are compared to 
those of Pd-Au functionalised MWCNTs in Figure 5.21 below. The top surface of the laser 
etched samples are rippled with the presence of individual globules of metal attached to 
bundles of MWCNTs. Spaces can be seen between the globules. The wetting of this surface 
can be explained by the Cassie model as described in section 5.2.4.2.  
 The tip of the globules first in contact with the solder would initially promote wetting 
due to the layer of gold. However the presence of gaps between globules on the surface is 
energetically unfavourable for solder to continue spreading. In the Pd-Au F-MWCNT 
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samples, there is a continuous layer of gold which promotes wetting along the whole surface 
of the MWCNTs. 
 
Figure 5.21: SEM micrographs of a) Pd-Au F-MWCNT sample and b) laser etched Pd-Au F-
MWCNT sample with high magnification image insert of coated bundles. 
Further investigation is needed in order to ascertain the effect of the flux on the wetting force 
of laser etched Pd-Au MWCNTs. It is hypothesised that the viscous flux bridges the gap 
between the bundles and on contact with the solder reduces its surface tension, promoting 
wetting. The removal of the oxide layer on the Pd may also cause more wettable surfaces to 
be available for the solder to wet. 
5.7. Conclusions 
 A method to assess the wettability of MWCNTs to solder was presented, whereby a 
standard technique used in industry, for the testing of the wettability of solder, was adapted 
for use with MWCNTs. Solder was found to wet poorly to pristine and functionalised 
MWCNTs due to the lack of intermetallic formation that promotes the adhesion of solder. 
The wetting of solder to the MWCNTs was improved by the deposition of a thin layer of Au 
on the surface of MWCNT arrays. Functionalisation of the MWCNTs followed by deposition 
of Au also showed good wetting behaviour although there was not enough evidence to 
suggest that the wetting was improved by the functionalisation alone. 
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 Palladium has been shown to form good electrical contact with MWCNTs and is also 
commonly used as a surface finish for PCBs. The wetting of solder to functionalised Pd-
coated MWCNTs was investigated and showed that solder does not wet to Pd coated 
MWCNTs readily. However, the addition of a thin layer of Au promoted wetting of the solder. 
The wetting of solder to functionalised Ni-coated MWCNTs was investigated. The solder was 
found to not wet the Ni-Coated MWCNTs  
 As an attempt to improve the wetting of solder by the removal of oxide layers, rosin 
based flux was added to Pd-coated, Pd-Au-coated and Ni-coated functionalised MWCNTs 
and wetting balance tests were carried out. Positive wetting forces were observed when flux 
was added to the Ni-coated MWCNTs. This is again attributed to the removal of oxide layers 
from the Ni. A similar effect was also obtained for Pd-coated MWCNTs, with wetting forces 
increasing from negative to positive wetting forces. However, the time taken to achieve 
maximum, stable wetting force was high, which would make this process unsuitable for 
industry use. The addition of flux to Pd-Au-coated MWCNTs also increased the time taken to 
achieve maximum wetting force and made the wetting process unstable. An improvement in 
maximum wetting force was not observed in this case. 
 An investigation into the interaction of laser etched samples with solder showed that, 
although the MWCNTs were functionalised and metallised with Pd-Au, negative wetting 
forces were obtained. This was attributed to an increase in the roughness of the MWCNT 
tips after laser etching, as shown by high resolution SEM imaging. Addition of flux to the 
samples caused a change in the wetting force from negative to positive and the solder to 
adhere to the MWCNTs. This would again be unsuitable to use in industry due to the 
instability of the wetting process. 
 In summary, several metals and metal combinations were used for the purpose of 
this investigation and Pd-Au was found to perform the best with respect to maximum wetting 
forces and time taken for maximum wetting force to happen. This combination of metals will 
be used in further MWCNT-solder interconnect fabrication investigations. 
  
 
 
 
Chapter 6 
Interconnect Fabrication Using 
MWCNTs and their Electrical 
Characterisation 
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 Interconnect fabrication using MWCNTs and their 
electrical characterisation  
6.1. Introduction 
 In this Chapter, a method is described which allows the transfer of PTCVD grown 
CNTs onto a target substrate using solder and sintered silver pastes to bind them to the 
substrate. A process is defined that involves the growth, functionalisation, metallisation and 
transfer of MWCNTs. The findings from the solderability measurements in Chapter 5 were 
used to enable us to choose both a suitable combination of metals for the metallisation 
process and the optimum parameters for the oxygen plasma treatment. The successful 
fabrication of a solder-MWCNT-solder interconnect is discusssed. Electrical measurements 
of metallised MWCNTs bonded to copper substrates using solder for four different size 
arrays (50 x 50 µm2, 100 x 100 µm2, 200 x 200 µm2 and 400 x 400 µm2) were determined 
using 4-point probe measurements. The resistivity of the interconnect was determined from 
the electrical measurements, array dimensions and MWCNT density (determined in Chapter 
3). Sintered silver was also successfully used as a material for binding MWCNTs to copper 
substrates. The I-V characteristics of the silver-MWCNT-silver interconnects were also 
determined using 4-point probe measurements. 
 An investigation into the laser etching of MWCNTs is described with electrical 
measurements done in order to assess whether the removal of the MWCNTs cap has an 
effect on the electronic transport capabilities of the interconnects for both solder and sintered 
silver attachment methods. 
 Besides the electrical measurements carried out at room temperature, electrical 
measurements were also performed on the silver-MWCNT-silver interconnects at high 
temperature. Traditional interconnect materials such as solders fail at temperatures below 
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300 °C. The silver-MWCNT-silver interconnects were shown to maintain their electrical 
performance at 300 °C. 
6.2.  Interconnect fabrication methodology using solder 
6.2.1. Early designs and processes 
 In the early stages of this work, interconnects were fabricated using one MWCNT 
array at a time. These arrays were removed individually from the silicon growth substrate 
and bound to either sintered silver paste or a solder reflow process. The binding method is 
similar for solder and sintered silver and the material used will be referred to as the binder. A 
schematic for the reflow process using solder is presented in Figure 6.1, where a five step 
method was designed to manufacture the MWCNT interconnects.  
 
 
Figure 6.1: Schematic of soldering interconnect fabrication process involving: 1) a PTCVD 
growth process; 2) oxygen plasma functionalisation; 3) metallisation using magnetron 
sputtering; 4) top side binding; 5) a repeat of stages 2, 3 and 4 for the underside of the MWCNT 
arrays. 
 
 In Figure 6.1 step 1, MWCNTs were synthesised according to procedures detailed in 
Chapter 3. In step 2, the MWCNTs were functionalised using oxygen plasma, as described 
in Chapter 4. Functionalisation of CNTs using oxygen plasma causes functional groups to 
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become attached to the MWCNT walls. The metallisation of the MWCNTs was discussed in 
Chapter 4 and, from solderability experiments, palladium was found to form the best 
interface layer. Subsequent metallisation of the MWCNTs using palladium causes the 
palladium to form continuous layers on top of the MWCNT wall as opposed to globules of 
metals when using other metals such as nickel or gold. Palladium was also found to give the 
best results with respect to the wetting of solder in the solderability experiments. With 
knowledge gained from work carried out in Chapter 4, the metallisation of the MWCNTs was 
performed using magnetron sputtering and palladium targets (shown by step 3). In step 4, 
the MWCNTs were bound to a copper pin using a binder material. The process and 
conditions for this differ according to the binder material chosen. The copper pin was 
retracted once the MWCNTs were bound, as shown in step 4. Steps 2, 3 and 4 were then 
repeated for the freshly exposed side of the MWCNTs to produce a fully working 
interconnect. 
6.2.2. Equipment design 
 Steps 4 and 5 were particularly challenging due to the dimensions of the MWCNT 
arrays. In early trials, it was found that successfully bonded MWCNT arrays were damaged 
by manual handling before they could be fully characterised. There was therefore a need to 
build a system to enable the manipulation of the MWCNT arrays. No such equipment was 
available due to highly specific nature of the task. Three features were critical for the design 
of the equipment: the ability to position the MWCNT array with micrometre precision on all 
three axes, the ability to heat the samples in-situ for both binding methods and the ability to 
carry out 4-probe electrical measurements on the finished interconnect structures. 
In the early stages of the experiment, a hand operated system was built as shown in Figure 
6.2. A sample holder was mounted on the shaft of a micrometre held vertically by a frame. 
This allowed the sample holder to be moved vertically with a resolution of ± 10 µm. The 
second part of the equipment consisted of a ceramic heater fixed on top of a sheet of 
thermal insulator. This allowed the reflow of solder on substrates before the MWCNT 
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containing substrates were approached using the micrometer. Unfortunately, this system 
suffered from a number of problems which made it unsuitable for further experiments. Firstly, 
the resolution for vertical placement was insufficient. Secondly, due to the larger thermal 
mass and in spite of the thermal insulation, the solder took too long to heat up and was often 
oxidised before the sample could be lowered. And thirdly, lateral positioning of the samples 
relative to the bottom substrates was not possible making it difficult to work with samples of 
areas smaller than 5 µm2. 
 
Figure 6.2: (a) Early design of equipment allowing the positioning of samples in the vertical 
axis allowing the heating solder pastes for reflow, (b) side view of the top part of the 
equipment showing the micrometre mounted on the frame and the sample holder attached to 
the shaft of the micrometre and (c) the base of the system with a heater mounted on top of 
thermal insulation. 
The equipment was redesigned in order to solve the above-mentioned problems. A 
MTS50/M-Z8 low profile translation stage from Thor-Labs was used to replace the 
micrometre, with ± 0.1 µm resolution. The sample holders were redesigned in order to have a 
much lower thermal mass so as to ensure maximum heat was transferred to the samples. 
These are shown in Figure 6.3. The thermal insulation material used was Macor ® 
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machinable glass ceramic which also has the added benefit of being a good electrical 
insulator. The samples were hence insulated from the rest of the equipment allowing 
measurements of resistance to be carried out in-situ.   
 
Figure 6.3: Image of top and bottom sample holder designed for CANIS showing the heater 
clamped in place. 
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Hence, a new testing machine was designed and built in 
order to avoid the manipulation of the samples between 
the reflow process and testing. Named the 
Characterisation and Assembly of Nano-Interconnects 
System (CANIS), the system was designed so as to 
reflow the CNT-solder interconnects, while monitoring 
the resistance to the interconnect using the 4-probe 
method. A picture of CANIS is shown in Figure 0.1a below. 
The samples are mounted in one of the sample holders. 
The top sample holder (number 7 in Figure 0.1) can be 
moved in the vertical axis using the motorised stage and 
is mounted on a load cell which can measure the force 
applied in tension as well as in compression along the 
vertical axis. The load cell was a Tedea-Huntleigh 0.3 kg 
cantilever beam attached to a load cell amplifier. The 
resolution of the load cell was ±10 mN and the system 
was calibrated using standard weights at NPL. The load 
cell was incorporated in the equipment for two reasons. 
Firstly, to enable the measurement of adhesion force of 
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the MWCNTs with solder or sintered silver after the 
bonding process. Secondly, to monitor the amount of 
force applied to the MWCNTs during the bonding 
process so as to prevent buckling of the vertical MWCNT 
arrays as contact is made with solder or sintered silver. 
The technical specifications of the parts used and parts 
manufactured are detailed in Appendix 3 
CANIS technical drawings and parts details. 
 
Figure 0.1: Image of CANIS with 1 - motorised stage, 2 - load cell, 3 - digital microscope, 4 - 
laser displacement monitor, 5 - bottom stage, 6- heater, 7 - top stage and 8 - multimeter for 4-
probe measurements. 
 The bottom stage was mounted on an X-Y micrometre stage to allow alignment of the 
bottom sample holder (number 5 in Figure 0.1) with the top sample holder (not shown in this 
set-up). The resolution of the load cell is of the order of 1 mN and the maximum applicable 
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load is limited by the motorised stage actuator to ~20 N.  The stage can be heated to ~370 
ºC using a 110 V ceramic heater providing a superheat (temperature increase above the 
melting point of solder which is generally used to aid the formation of bonds) of 40 ºC for 
SnPbAg solders. 
 Further improvements were made during the course of the experiments, with one of 
particular importance; the addition of a displacement sensor. Figure 0.2 shows an SEM 
micrograph of a solder-CNT-solder interconnect fabricated in CANIS before the 
displacement sensor was added. The CNTs have adhered to the substrates on both sides of 
the array. The temperature of the substrates would have reached ~ 250 °C during the reflow 
process and therefore, being made of metal, would have thermally expanded. This thermal 
expansion was measured to be as much as 10 µm in later experiments. Upon cooling, the 
substrates thermally contract applying stress to the MWCNT arrays causing them to either 
crack at the interface between the solder and the MWCNTs, or if the solder-CNT adhesion is 
good, in the middle of the MWCNT array. Hence, a laser displacement sensor was added 
which measured the distance between the top and the bottom sample holders. This data is 
then fed to the labview programme which moves the motorised stage in order to keep the 
distance fixed. Hence, during cooling, thermal contraction of the system can be effectively 
counteracted and the stress applied to the interconnect minimised.  
   The displacement along the vertical axis is measured using a Keyence LK-G laser 
displacement sensor with a resolution of 0.1 μm. The temperature of the samples can be 
measured, using a non-contact optical pyrometer, without the need for attaching 
thermocouples; however, CANIS can also monitor three thermocouples at any one time. 
Resistance is measured using a four probe method using a Fluke 8846A multimeter and 
both sample holders are electrically insulated. 
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Figure 0.2: SEM micrograph of a solder-CNT-solder interconnect showing a crack in the CNT 
array due to tensile stress applied when the substrates on either side contract during cooling. 
Control software was developed in LabView, capable of measuring resistance, force, 
four temperatures as well as the control and measurement of displacement from the CANIS 
system.  Each of the parameters can be turned on or off, such that the software will run with 
any combination of the instruments using data acquisition (DAQ) cards, making the software 
both versatile and making troubleshooting much simpler. Four charts monitor the 
temperature, resistance, force and displacement, whilst an X-Y chart can be configured to 
plot any of the 10 variables against any other such that hysteresis plots, for example, can be 
seen as the raw data is gathered. Live monitoring of resistance is particularly useful during 
the interconnect manufacturing process as it provides an indication of when contact has 
been made between the MWCNTs and the binder material as the resistance would suddenly 
change from infinite (open circuit) to low values (typically a few ohms). 
6.2.3. Solder-MWCNT-Solder interconnects – early experiments 
6.2.3.1. Experimental details 
 MWCNTs arrays with dimensions of 100 μm by 100 μm and with a height of ~ 250 
μm were grown using PTCVD. The CNT columns were treated in oxygen plasma using an 
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Emitech K1050X plasma asher using an RF of 13.56 MHz. The plasma treatments were 
carried out at a set power of 50 W and pressure of 15 mbar. 99.99% pure oxygen was 
introduced in the chamber with a constant flow rate. The CNT columns were subsequently 
coated with 50 nm of Pd using magnetron sputtering in an argon atmosphere for 15 minutes 
at a coating rate of 3 nm per minute. A layer of Au was then evaporated onto the CNT 
columns using electron beam evaporation. Evaporation was carried out under high vacuum 
(~ 8 x 10-5 mbar) with a deposition rate was ~2 Ǻ/s using 99.99% Au pellets. The rate of 
deposition was monitored using a quartz crystal oscillator and deposition was carried out for 
20 minutes, resulting in a thickness of 25 nm. The MWCNTs at the tip of the arrays were 
found to be coated with the metals, as can be seen in Figure 0.5. Since the sides of the 
arrays were also exposed to the metals, some contamination of the sides of the arrays was 
inevitable and may affect the electrical performance of the interconnect. It is argued in 
section 6.6 that this effect is, in fact, negligible. 
 Copper pins with dimensions of 500 μm by 500 μm and with a height of ~ 10mm 
were used as the target substrate for the binding of the MWCNT arrays using solder. The 
solder material used was SAC305 solder with a reflow temperature of 230 °C. However, a 
superheat temperature of 40 °C was used leading to a final temperature of 270 °C. SAC305 
is a high temperature solder and was used so as to withstand a second, lower temperature 
reflow process for step 5 of the process (see Figure 6.1). The solder paste was diluted with 
isopropanol as it would otherwise be too thick to be dispensed using a micro-syringe. This is 
not expected to affect the properties of the solder as the paste already contains isopropanol 
as a solvent within the flux base. 
 A controlled amount of solder paste was deposited on the tip of the copper pin, using 
a micro-syringe, and was then clamped to the heated sample holder in CANIS. The silicon 
substrate containing the MWCNT arrays was attached to the top sample holder and moved 
towards the pin, ready for contact. The pin was heated to 270 ºC and, using the top movable 
platform in CANIS, the pin was then moved towards the CNT column until contact was made 
and wetting of the solder to the MWCNT array was observed. The heater was subsequently 
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switched off, to allow the solder to solidify. The pin was retracted when the temperature 
dropped to under 100 ºC, causing the MWCNT array to detach from the silicon growth 
substrate and remain adhered to the copper pin. 
 The functionalisation and metallisation processes were then repeated for the freshly 
exposed bottom side of the MWCNT array. A second reflow process was carried out using 
CANIS. Sn63Pb37, a low temperature solder, with a reflow temperature of 170 ºC, was 
dispensed on to the tip of a pin. The pin was attached to the heated base of CANIS while the 
pin with the attached MWCNT array was attached to the top sample holder. The bottom pin 
was heated to 210 ºC (again with a 40 ºC superheat) until the Sn63Pb37 was reflowed. The 
MWCNTs were lowered until contact was made with the solder and wetting was observed. 
The sample was allowed to cool to below 100 ºC before the samples were removed. 
However, manual handling while removing the samples from CANIS often resulted in the 
samples being damaged.  
 To overcome this problem, the resulting soldered MWCNTs from step 4 were 
attached to a PCB substrate. A pin with a moveable sheath was used, instead of a bare pin 
as previously planned (see Appendix 3 for details of the pin used). The sheath and pin were 
manually aligned with the MWCNT array and fixed in place using solder. The reflow process 
for step 5 was then carried out. Once the reflow process was completed, the pin was 
soldered to the sheath and the PCB with the completed interconnect removed from CANIS. 
This is shown more clearly in Figure 0.3. The reflow process carried out in this manner 
allowed the removal of samples for electrical characterisation and SEM imaging of the 
completed interconnects. 
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Figure 0.3: Schematic of proposed process to allow the removal of complete interconnects 
with: (a) pin aligned with MWCNT array and heated to melt solder; (b) Moveable pin 
approached until point of contact and subsequently held in place with solder or glue and (c) 
image of a finished interconnect. 
6.2.3.2. Results and discussion 
 Visual inspection of the pin after retraction from the growth substrate in step 4 
revealed adhesion of the arrays to the pin tip. The degree of the wetting of the solder to the 
arrays was investigated using SEM. Figure 0.4 shows a typical low magnification SEM 
micrograph of a CNT array adhered to solder on the tip of a pin obtained after step 4. Closer 
inspection of the area of contact between the solder and the array revealed that the solder 
only partially wet the MWCNT arrays as can be seen in the circled area of Figure 0.4.  
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Figure 0.4: SEM micrograph of CNT column adhered to the tip of a pin reflowed at 270 ºC using 
SAC305 solder. The circle inset demarks an area at the interface where the MWCNTs have not 
bonded with the solder. 
 Figure 0.5 shows a high magnification image of the area circled in Figure 0.4. It can 
be observed that the solder has not wet the metal coated CNTs in that area as would have 
been hoped. This implies that the solder is not in intimate contact with the MWCNTs and 
therefore highlights the fact that, although the column has a dimension of 100 μm by 100 
μm, only part of the column makes physical contact with the solder. This may have 
implications over the resistivity of the structure, as will be discussed later.  
 
Figure 0.5: High magnification SEM micrograph of interface between solder and metal coated 
CNTs showing that wetting of the solder has not taken place. 
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 Other regions inspected by SEM showed very good wetting of the solder to the 
MWCNT arrays as shown in Figure 0.6. The metallised CNTs can be seen merging into the 
bulk of the solder making intimate contact with the solder. It can be assumed that the solder 
has formed an intermetallic compound with the palladium once the gold dissolved into the 
solder.  
 
Figure 0.6: High resolution SEM of metal coated CNT wet by solder. 
 Other regions inspected showed partial wetting as shown in Figure 0.7. Solder is 
seen to wet some of the MWCNTs whereas others only make point contact. It can be 
concluded from the evidence in the SEM micrographs that the solder does not uniformly wet 
the MWCNTs. It is not possible at this stage to estimate the degree of wetting of the solder 
to the MWCNTs.  
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Figure 0.7: High magnification SEM micrograph of CNT bundles coated with metals partially 
wet by solder. 
 
 SEM micrographs of the completed interconnects after reflow stage 5 are shown in 
Figure 0.8. All reflow attempts were successful but a few problems were noted during the 
reflow process. Firstly, it can be seen in Figure 0.8 c, d, e and f that in some cases the 
solder wets the sides of the MWCNT array with the possibility of creating additional 
conduction paths between two pins. This may have been caused by excess solder on the 
pins. 
 Cracks were observed in some interconnects as shown in Figure 6.8b. The pins were 
heated to 210 °C during the reflow process, causing them to thermally expand. Hence, at the 
point of contact between the CNTs and the solder, the copper pins are longer than when at 
room temperature. Hence, at the point of contact, the gap between the two pins is shorter 
than it is at room temperature. At the solidus temperature of the Sn63Pb37 solder, bonds are 
formed between the solder and the Pd coating the MWCNTs, holding the MWCNTs in place. 
Any increase in the gap between the two pins, caused by thermal contraction, is expected to 
increase the tension in the interconnect. This may have caused the observed cracks in the 
MWCNTs in Figure 0.8b and Figure 0.8d.  
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Figure 0.8: SEM micrographs of solder-MWCNT interconnects showing: (a) wetting of solder 
up to the MWCNT array; (b), (c) and (d) different degrees of wetting of the solder; (b) and (d) 
presence of crack in the interconnect structure; (f) solder almost bridging the gap between the 
copper pins along the MWCNT array. 
 
 Due to the variability in the reflow results, the methodology was modified in order to 
eliminate the possibility of having excess solder along the sides of the interconnects and to 
avoid stresses in the structure due to thermal contraction of the substrates. This is described 
in more detail in the following section. 
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6.3. Solder-MWCNT-solder interconnects final experimental 
design 
6.3.1. Experimental details 
 In this section a revised method for making interconnects is described with a view to 
improving the contact between the solder and the MWCNTs and to avoid inducing stress in 
the MWCNTs. Steps 1 to 4 of the process (Figure 6.1)were unchanged, but the remaining 
steps of the process were modified. In step 5, the MWCNT arrays were soldered onto a 
copper substrate rather than a pin. This allowed for several arrays to be reflowed 
simultaneously. Firstly, damage due to thermal expansion is eliminated because the 
interconnect is free-standing on the bottom substrate and not attached at the top end to a 
fixed support. Controlling the amount of solder at the top of the interconnects is key to 
stopping the overflow of solder onto the sides of the arrays and hence solves the issues 
encountered in Figure 0.8e. 
 A uniform layer of SAC305 solder was applied to a copper substrate using a 20 μm 
thick stencil. The metallised MWCNT arrays, still on their growth substrate were moved 
towards the copper plate until contact was made. The copper substrate was heated to 220 
°C until equilibrium was reached and heating was maintained for a further 2 minutes to allow 
for the solder to wet the MWCNTs. The heater was subsequently switched off and the 
assembly was allowed to cool to room temperature. 
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Figure 0.9: Schematic of the 8 step process for the fabrication of the SnPb-MWCNT-SAC 
interconnect with 1 – substrate patterning, 2 – CNT growth, 3 – functionalisation in oxygen 
plasma, 4 – metallisation, 5 – first stage reflow process with SAC solder, 6 – lift-off of growth 
substrate, 7 – repeat of steps 3 and 4 for the freshly exposed side of the MWNCTs and 8 – 
SnPb solder paste printing followed by a reflow process.  
 Once cooled, the growth substrate was gently removed by retracting the silicon wafer 
using CANIS, as shown in step 6 of Figure 0.9. Following step 6, the freshly exposed side of 
the MWCNTs were functionalised and metallised. Controlled amounts of Sn63Pb37 solder 
paste were applied to the tip of the MWCNTs before a second reflow process, which is 
required to bind the fresh solder with the MWCNTs. The solder was applied uniformly to a 
flat surface using a 20 μm thick screen. The arrays of MWCNT were moved toward the 
solder paste until contact was made. Upon retraction of the arrays from the solder paste, a 
thin layer of solder paste remained attached to the tip of the MWCNT arrays. It is important 
to note here that it was intended to melt the solder so it wets the MWCNTs without a 
substrate on the top of the MWCNTs. Once cooled, the solder formed a solid layer on top of 
the arrays which could be used as contact probes for electrical measurements. However, 
should this interconnect system be used in a real electronic circuit, a component lead could, 
in principle, be placed in contact with the solder before the reflow process. This step was 
avoided so that the interconnect structures could be easily electrically characterised. 
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 Since the solder paste was situated on top of the MWCNT arrays, reflow of the solder 
was not possible by heating the copper base. It was observed that there was a significant 
temperature difference between the copper substrate and the tip of the MWCNTs. Heating of 
the substrate to temperatures close to 230 °C did not cause the Sn63Pb37 solder to melt on 
the tip of the MWCNTs but caused the high melting point SAC305 solder at the base of the 
MWCNTs to start melting. A reflow oven with programmable temperature zones was used 
for the reflow process instead. The zones of the reflow oven were set to 125 °C, 175 °C, 200 
°C, 250 °C, 150 °C and 30 °C for a 7 minute process. The speed of the sample through the 
chamber was constant at 5 mm/s. Figure 0.10 shows a typical reflow profile of the reflow 
oven showing that both the oven and the sample reached temperatures close to 250 °C.  
 
Figure 0.10: Typical temperature profile for the reflow process in the reflow oven showing 
temperature of the oven environment and that of the sample.  
  Initial trials using the reflow oven were only partially successful with the solder only 
partly melting during the reflow process. This is attributed to the oxidation of the top layer of 
the solder during the reflow oven cycle. To overcome this, 5 μL of rosin-activated flux was 
added to the solder, using a micro-syringe, before the reflow cycle, which prevents oxidation 
of the solder and improves its wetting characteristics. However, this remains as a residue 
Interconnect fabrication using MWCNTs and their electrical characterisation  
137 
 
after the reflow process, making SEM imaging of the interconnects difficult. An improvement 
in the soldering performance was seen after the addition of the flux with the solder melting 
and wetting the top of the MWCNT arrays. 
6.3.2. Results and discussion 
 After step 5 of Figure 6.1, it was observed that more than 95% of the arrays 
remained adhered to the copper after the growth substrate was removed. A SEM micrograph 
of multiple arrays adhered to solder is shown in Figure 0.11a. Higher magnification SEM 
images (Figure 0.11b) of the interface between the solder and the MWCNTs showed that 
good wetting of the solder to the MWCNTs. No visible damage was seen for the MWCNTs 
and their alignments were maintained.  
 
 
Figure 0.11: a) SEM images of 100 μm×100 μm MWCNT arrays after stage 8 showing the arrays 
have maintained their alignment after the reflow process. b) high magnification SEM image of 
the base of the MWCNT arrays at the point of contact between the MWCNT and the solder 
showing the solder wetting the array. 
 Figure 0.12a shows an SEM image of an MWCNT array after the reflow in step 8 of 
Figure 6.1. It can be seen that the solder has melted, wetting the MWCNTs at the tip of the 
array. No solder was observed along the sides of the MWCNTs, an improvement from the 
previous method. In Figure 0.12b, taken from an area at the tip of the array where the solder 
layer was thinner, it can be observed that the solder encapsulated the MWCNTs; an effect 
similar to what was observed in Figure 0.6.   
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Figure 0.12: a) SEM image of the top of a MWCNT array with solder seen at the top but not 
around the sides of the array. b) higher resolution SEM of an area of a) showing that the solder 
has wet the MWCNTs encapsulating them. 
 
6.3.3. Conclusions  
 A methodology was described, which allowed the fabrication of Solder-MWCNT-
Solder interconnects, consisting a number of steps which include synthesis of vertically 
aligned MWCNTs, followed by functionalisation, metallisation and two reflow processes. A 
high melting point solder was used during the first reflow stage so as to prevent melting of 
the solder during the second reflow stage, where a low melting point solder was used. 
Interconnects were successfully manufactured using purpose built equipment which allowed 
precise positioning and manipulation of the delicate structures. SEM imaging of the 
structures showed that the solder wetted the MWCNT arrays forming bonds which allowed 
the MWCNTs to adhere to a target substrate. The tips of the MWNCT were also found to be 
encapsulated by the solder. 
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6.4.  Interconnect fabrication methodology using Sintered silver 
6.4.1. Introduction 
 The electronics industry has been working on interconnect technology to comply with 
the restriction of hazardous substances and the waste electrical and electronic equipment 
directives185 whilst meeting the demands for ever smaller components and connections and 
lead free interconnections. Whilst the high temperature lead rich alloys are legally permitted, 
there is a widely held belief that this exemption has a limited life and new interconnect 
solutions are required. Many novel alternatives, such as sintered silver186, are being 
considered. Silver nanoparticles have been shown to sinter at temperatures as low as 150 
˚C187-188. An advantage of using silver as the interconnect material is that it has a melting 
point of 961 ˚C, which is ideal for high temperature electronic applications. In contrast, solder 
interconnects reflow in the 180 °C to 250 ˚C range, thus constraining the manufacture and 
working temperatures of the interconnect. However, like solder interconnects, sintered silver 
interconnects are still susceptible to thermal coefficient of expansion mismatch when 
operated at high temperatures, and have not been proven to work with all metal finishes. 
6.4.2. Experimental details and procedures 
 The method employed to make the Ag-MWCNT-Ag interconnects is similar to the 
method employed for the Solder-MWCNT-solder interconnects described in section 6.3. The 
process detailed in Figure 0.9 was employed, with the only differences being that the heating 
temperatures and the use of sintered silver paste instead of solder. Heraeus silver paste 
(LTS 295-26P2) was screen-printed onto a copper substrate using a 25 µm thick stencil. The 
metallised CNT arrays were subsequently placed onto the wet silver paste before the 
sintering process (Figure 0.9 steps 5-6). Sintering was carried out using a temperature 
profile as recommended by the manufacturers, which involved holding the assembly at 165 
˚C for 1 hour, to allow the evaporation of solvents, before heating to 230 ˚C and maintaining 
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at that temperature for 1 hour. The assembly was allowed to cool to room temperature 
before the Si substrates of the CNTs were gently removed. The functionalisation and 
metallisation processes were then repeated for the freshly exposed side of the CNT arrays 
(Figure 0.9 step 7). Silver paste was printed on top of the MWNCT arrays and the sintering 
process repeated to give Ag-MWCNT-Ag interconnects (Figure 0.9 step 8). Unlike with 
solder, the same temperature was used on both sides as the silver sinters at low 
temperatures but melts at high temperatures, as mentioned in section 6.4.1. Hence, the 
second heating process does not pose the risk of damaging the bonds between the silver 
and the palladium, as was seen with solder in section 6.3 
6.4.3. Results and discussions 
 Since solderability measurements were not applicable in this case, it was unclear 
whether adhesion of the sintered silver to the MWCNTs would be affected by 
functionalisation and metallisation. Hence sintering of the silver nano-particles was carried 
out to bind 1) pristine, 2) functionalised, 3) metallised (without functionalization) and 4) 
combined functionalised and metallised CNT arrays. The pristine, functionalised and 
metallised CNT arrays all showed minimal adhesion to the sintered silver material. However, 
the functionalised and metallised CNT arrays showed an improvement in adhesion. It was 
observed that over 95 out of 100 arrays adhered to the sintered silver material when the 
arrays were both functionalised and metallised, whereas fewer than 5 out of 100 arrays 
adhered when either just functionalised, just metallised or pristine (these arrays may have 
only been loosely attached to the growth substrate). In Figure 0.13, an SEM micrograph of 
MWCNT arrays that have been transferred to a copper substrate (after stage 8 of Figure 0.9) 
forming the finished interconnect structure. 
 
Interconnect fabrication using MWCNTs and their electrical characterisation  
141 
 
 
Figure 0.13: SEM Micrograph of multiple carbon nanotube arrays after stage 8 of the process 
showing MWCNTs sintered to a copper substrate and with sintered silver paste on the top. 
Slight densification of the arrays can be observed due to evaporation of absorbed solvents. 
 It can be observed in Figure 0.13 that the arrays have densified and this is attributed 
to the evaporation during the heating process of solvents absorbed by the arrays from the 
silver paste189. In Figure 0.14a, a higher magnification image of the arrays is shown, with the 
extent of densification clearly visible. This is not expected to significantly affect the electrical 
properties of the interconnect because the number of MWCNT within the array has not 
changed. Sintering of the silver nanoparticles has taken place, with silver platelets greater 
than 1 μm in length seen in Figure 0.14b. The silver nanoparticles have an average diameter 
of 50 nm before the sintering process. 
 Contact between the CNTs and the silver particles can be seen in some places. 
However, these only form point contacts and there is no evidence of the silver encapsulating 
the MWCNTs, as was seen with the solder. This is however expected because the silver 
does not form a liquid phase that could wet the Pd-coated MWCNTs. Bonds will be formed in 
sites where the silver is in contact with the Pd.  
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Figure 0.14: (a) High magnification SEM image of Ag-MWCNT-Ag interconnect showing 
sintered silver at the top and bottom of the array. (b) High magnification SEM of the top of the 
Ag-MWCNT-Ag interconnect from (a) showing sintered silver particles making point contact 
with CNTs. 
6.5. I-V characteristics of interconnects 
6.5.1. I-V characteristics of Solder-MWCNT-Solder interconnects 
 The free-standing interconnect structures were electrically characterised using 4 
point probe methodology. All electrical measurements were carried out using a Keithley 
4200 high accuracy semiconductor parameter analyser and manual probe stages terminated 
with tungsten probes. The current was limited to 0.3 A and increased in 1 mA steps. The 
values presented are the measured current values, as opposed to the programmed values. 
Due to the small dimensions of the vertical interconnects, only one probe could be 
positioned at any one time at the top of the interconnect. Since the 4-probe method require 2 
probes to be positioned at the tip of the interconnects, only one probe was connected to the 
tip of the interconnect but with two connections leading to the source measure units. The two 
other probes were connected to the copper substrate, as close as possible to the base of the 
interconnect. A schematic diagram of the test is shown in Figure 0.15a.  
 In Figure 0.15b, the contributions to the resistance of the interconnect structure are 
detailed. The interconnect structure consists of SnPb on top of the interconnects which has a 
resistance RSnPb. The top interface between the solder and the MWCNTs consists of SnPb, 
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Au, Pd and the MWCNTs with resistance RSnPb/MWCNTs. The MWCNT array has a resistance 
RMWCNTs. The bottom interface consists of MWCNTs, Pd, Au and SAC305 with resistance 
RMWCNTs/SAC. The resistance of the Cu and SAC305 layers are denoted as RCu+SAC. The total 
resistance of the interconnect RSnPb-MWCNT-SAC is the sum of the resistances RSnPb, 
RSnPb/MWCNTs, RMWCNTs/SAC, and RCu+SAC and can be calculated by equation 6.1. 
 
𝑅𝑆𝑛𝑃𝑏−𝑀𝑊𝐶𝑁𝑇−𝑆𝐴𝐶 = 𝑅𝑆𝑛𝑃𝑏 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠/𝑆𝑛𝑃𝑏 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠/𝑆𝐴𝐶 + 𝑅𝐶𝑢+𝑆𝐴𝐶   (0.1) 
 
Figure 0.15: a) Schematic diagram of a SnPb-MWCNT-SAC interconnect and b) a circuit 
diagram showing the contributions of the different components to the total resistance of the 
structure. 
 Typical I-V characteristics obtained from the vertical interconnects are shown in 
Figure 0.16a. The interconnects exhibit linear responses showing that ohmic contacts have 
been achieved between the metal and the MWCNTs. Over 100 interconnects from each 
array size were measured for this study. The mean resistance, standard error, maximum and 
minimum values for each array were calculated and the results are shown in Table 5.  
Table 5: Summary of the measured I-V characteristics of solder-CNT-solder interconnects of 
varying widths. 
Width Area 
Mean 
Resistance 
Standard 
error 
Minimum 
Resistance 
Maximum 
Resistance 
mm mm2 Ω Ω Ω Ω 
0.05 0.0025 37.9 2.0 7.3 62.3 
0.10 0.01 8.0 0.4 3.2 18.1 
0.20 0.04 2.2 0.1 0.8 4.5 
0.40 0.16 0.56 0.03 0.07 1.3 
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 The resistance of the interconnects is expected to vary linearly with the inverse of the 
cross-sectional area as predicted by equation 6.1, where R is the resistance of  a conductor 
at constant temperature, ρ is the resistivity of the material, l is the length of the conductor 
and A is the cross-sectional area.  
𝑅 =
𝜌𝑙
𝐴
      (0.2) 
 Figure 0.16b shows a graph of the mean resistance of the interconnects as a function 
of the inverse of their cross-sectional areas. The cross-sectional area of the MWCNTs is 
difficult to determine accurately as the CNT array is not densified. There is a linear 
relationship between the two quantities, as predicted by Equation 6.2. Using the parameters 
for linear fitting of a straight line to the data in Table 5, a value for the product of the 
resistivity and the length, ρl, was determined where the length, l, corresponds to the length 
of the interconnect. The gradient of the graph is ρl and therefore the resistivity of the 
interconnect can be determined. This value can only be treated as an approximate due to 
the uncertainty associated with the length of the MWCNTs. An array of MWCNTs may 
contain MWCNTs of different lengths, which is difficult to quantify and therefore the average 
value of the length used is almost certainly over-estimated as is the value of the area of the 
array. 
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Figure 0.16: a) I-V characteristics obtained from SnPb-MWCNT-SAC interconnects 
manufactured from MWCNT arrays of widths 50 µm, 100 µm, 200 µm and 400 µm showing 
linear trends. b) Mean resistance of interconnects as a function of the inverse of the cross-
sectional area of the interconnects. 
The resistivity of SnPb and SAC solders are 0.145 µΩm and 0.132 µΩm giving a combined 
resistance of 2 mΩ for RSnPb and RCu+SAC.  The resistance of the probes was measured to be 
5 mΩ. These resistances are negligible compared to the measured resistances of the 
interconnects and can therefore be ignored. Equation 6.2 can therefore be re-written as: 
           𝑅𝑆𝑛𝑃𝑏−𝑀𝑊𝐶𝑁𝑇−𝑆𝐴𝐶 = 𝑅𝑀𝑊𝐶𝑁𝑇𝑠/𝑆𝑛𝑃𝑏 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠/𝑆𝐴𝐶           (0.3) 
 Since Pd is the inner-most layer of metal in contact with the CNTs and since the 
solders wet the Pd without dissolving it, the source of the resistance at the interface is the 
contact resistance between the Pd and the MWCNT (Rc). RMWCNTs is a length dependent 
quantity and can be expressed as a function of the shell length of the MWCNT (L), the linear 
resistivity of the MWCNTs (rcnt) and the number of walls n. Therefore, the resistance RSnPb-
MWCNT-SAC can be expressed as: 
 𝑅𝑆𝑛𝑃𝑏−𝑀𝑊𝐶𝑁𝑇−𝑆𝐴𝐶 =
(𝑅𝑐+𝑟𝑐𝑛𝑡𝐿)
𝑛
1
𝑁𝑐𝑛𝑡
 (0.4) 
 The MWCNTs do not fill the entire area of the array and therefore, the usual 
approach in the literature is to use the effective area of the MWCNTs (Acnt) for all resistivity 
calculations47. The effective area can be calculated using equation 6.5 where dcnt is the 
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diameter of the MWCNTs and the spacing between the walls of the MWCNTs is 0.34 nm. 
Acnt can be calculated to be 2.8 × 10-13 cm2 for MWCNTs 7 nm in diameter with 5 walls. 
 
   𝐴𝑐𝑛𝑡 = 𝑁𝑐𝑛𝑡 ×
𝜋
4
× (𝑑𝑐𝑛𝑡
2 − (𝑑𝑐𝑛𝑡 − 𝑛 × 0.34)
2)            (0.5) 
 
 The calculated resistivity value of the SnPb-MWCNT-SAC interconnect is ~ 5 × 10-4 
Ωcm, compared to copper which is 1.6 × 10-8 Ωcm. This is still four orders of magnitude 
worse than copper and hence may limit its application in its current state. However, this 
value is comparable to values reported by Jiang et al. (2 × 10-4 Ωm) for flip-chip densified 
MWCNTs terminated using indium190. Other studies also reported resistivity values between 
1.25 × 10-4 Ωm and 3 × 10-4 Ωm for MWCNTs grown in vias191-193, but the MWCNTs used 
were of much shorter lengths (between 20 µm and 30 µm). From TEM measurements of the 
tube diameters and corroborated by measurements carried out by Chen et al.194 and Ahmad 
et al.108 on MWCNT samples, also grown using the PTCVD system at the University of 
Surrey, it is estimated that the density of CNTs is ~ 4 × 1010 cm-2. Hence, each 200 µm × 200 
µm array is estimated to contain about 4 × 106 individual CNTs, which results in a resistance 
of ~ 8.8 MΩ per MWCNT based on 200 µm length MWCNTs. 
6.5.2. Ramp to failure tests 
 One of the arguments for the use of MWCNTs is their ability to withstand high current 
densities. However, this is affected by the presence of defects in the crystalline structure of 
the MWCNTs. Such defects can increase electrical resistance and also reduce the current 
carrying capacity of the MWCNTs therefore making them fail at lower current densities. In 
this section, the results of reliability tests performed on MWCNTs is presented for SnPb-
MWCNT-SAC interconnects. The ramp to failure tests were carried out on the 200 µm × 200 
µm interconnect structures. 
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Figure 0.17: Graph of current as a function of voltage for 200 µm × 200 µm SnPb-MWCNT-SAC 
interconnect showing four samples with different breakdown characteristics. A shows the best 
performing structure and D the worse. 
 Most of the interconnects tested failed between 0.5 and 0.7 V, with the maximum 
current measured at 0.56 A. As mentioned in Chapter 3, each structure consists of 4 × 106 
individual MWCNT with an average 7.1 nm diameter. The effective area of the interconnect 
(sum of the areas of all the individual MWCNTs) was calculated to be ~ 8 × 10-7 cm2 which 
results in a current density of 0.75 MA/cm2 for the 200 µm × 200 µm interconnect structures, 
one order of magnitude lower than that of copper.  
 Failure modes of the SnPb-MWCNT-SAC interconnects were investigated using a 
high resolution Infrared camera while increasing the current passing through the 
interconnect. The interconnect used were of a similar arrangement to the ones shown in 
Figure 0.8 with the outline of the MWCNT and their contacts shown by the dotted lines in 
Figure 0.18. 
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Figure 0.18: Thermal Images of a SnPb-MWCNT-SAC interconnect with increasing current flow 
showing increase in heating effect due the increased current. The dot-dash line in the first 
image indicates the location of the interconnect. 
 Figure 0.18 shows thermographs obtained from the detection of infrared rays emitted 
from the samples due to joule heating. It was observed that the intensity of infrared emitted 
from the sample increased as the current through the sample was increased until 0.57 A 
where the samples failed and no infrared emission was detected. The sample was found to 
heat up in the middle of the interconnect, away from the interface between the solder and 
the MWCNTs. This may be due to the heat being dissipated to the large metal contacts at 
each end of the array whereas no heat dissipation route was available for the middle part of 
the array. The interconnects were found to fail at the point where the highest temperature 
was observed indicating that joule heating was responsible for failure. This also shows that 
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the solder-MWCNT interface has ohmic, low resistance contacts and thet the interconnect 
performance is limited by the quality of the MWCNTs. 
6.6. I-V characteristics of Ag-MWCNT-Ag interconnects 
 4-probe electrical measurements were carried out on the Ag-MWCNT-Ag 
interconnects. Figure 0.19a shows a schematic of the structures obtained after the sintering 
processes with an Ag-MWCNT interface at the top and bottom of the interconnect. In Figure 
0.19b, a circuit diagram detailing the resistance contributions of the different constituents of 
the interconnect is presented. The top and bottom interfaces consist of a layer of Ag on 
MWCNTs and the resistances are defined as RMWCNTs/Ag. The resistance of the MWCNTs is 
defined as RMWCNTs and the resistance of the Cu substrate with its Ag layer is defined as 
RCu+Ag. The total resistance of the interconnect is the sum of the resistances of the 
constituents above and is given by equation 6.6 below. 
    𝑅𝐴𝑔−𝑀𝑊𝐶𝑁𝑇−𝐴𝑔 = 𝑅𝐴𝑔 + 2 𝑅𝑀𝑊𝐶𝑁𝑇𝑠/𝐴𝑔 + 𝑅𝑀𝑊𝐶𝑁𝑇𝑠 + 𝑅𝐶𝑢+𝐴𝑔             (0.6) 
 
 
Figure 0.19: a) Schematic diagram of a Ag-MWCNT-Ag interconnect showing the approximate 
positions of the test probes and b) a circuit diagram showing the contributions of the different 
components to the total resistance of the structure. 
 Typical I/V curves are shown in Figure 0.20a. The current increased linearly with an 
increase in voltage, showing ohmic interconnects were achieved despite the introduction of 
defects during the oxygen plasma treatment. The average resistances, measured from 100 
interconnects each, of the four different size arrays are shown in Table 6. The resistance for 
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the 50 µm × 50 µm interconnect is (41.1 ± 1.6) Ω, reducing by a factor of ~ 4 with every 
doubling of the interconnect width, down to (0.7 ± 0.1) Ω for the 400 µm × 400 µm array.  
Table 6: Summary of the measurement of the I-V characteristics of solder-CNT-solder 
interconnects of varying widths. 
Width Area 
Mean 
Resistance 
Standard 
error 
Minimum 
Resistance 
Maximum 
Resistance 
mm mm2 Ω Ω Ω Ω 
0.05 0.0025 41.0 2.0 10 105.4 
0.10 0.01 10.1 0.4 1.7 17.7 
0.20 0.04 2.7 0.1 0.5 5.6 
0.40 0.16 0.7 0.1 0.1 1.7 
 
 
 
 
 
Figure 0.20: a) I-V characteristics obtained from Ag-MWCNT-Ag interconnects manufactured 
from MWCNT arrays of widths 50 µm, 100 µm, 200 µm and 400 µm showing linear 
characteristics. b) Mean resistance of interconnects as a function of the inverse of the cross-
sectional area of the interconnects. 
 Using the same principles as in section 6.5.1 and using the values obtained for ρl 
from the linear fitting performed in Figure 0.20b, the resistivity was calculated to be ~ 5.2 × 
10-4 Ωcm equating to a resistance per tube value of ~ 9.5 MΩ. In section 6.2.3.2 the 
possibility of palladium contamination on the sides of the CNT arrays was discussed. 
However, if the resistance RPd of the palladium contamination film contributes to the total 
resistance, then the resistance of the interconnect should increase with the width of the 
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interconnect by a factor of 2 (scaling with the perimeter of the interconnect). As the 
resistance of the interconnect increases by a factor of 4 (scaling with the area of the 
interconnect and shown by the linearity of the plot in Figure 0.20b), it can be concluded that 
RPd has negligible contribution to the total resistance of the interconnect. 
6.7.  I-V characterisitcs of laser etched MWCNT interconnects with 
solder and sintered silver 
 MWCNTs were exposed to a laser (a single 1 ms pulse with fluence 200 mJ/cm2, 248 
nm wavelength) so as to remove the end caps and expose the inner walls. Removal of end 
caps by chemical mechanical polishing (CMP) followed by metallisation has been shown to 
reduce the resistance of MWCNTs by exposing the inner walls, allowing deposited metals to 
make direct contact with them195. Using CMP for cap removal would not have been useful 
here as the techniques is mainly used for MWCNTs grown in vias and the MWCNTs need to 
be supported for the technique to work. As mentioned in Chapter 4, exposure to 1 pulse of 
the laser at 200 mJ/cm2 has the effect of shortening the MWCNTs and therefore removing 
the end caps. The MWCNTs were subsequently functionalised and metallised before being 
bonded to either solder or sintered silver as in sections 6.2 and 6.4 to make full 
interconnects. The results of the I-V measurements are summarised in Table 7 and are 
shown in Figure 0.21. 
 
Table 7: Summary of the measurement of the I-V characteristics of laser etched MWCNTs used 
for SnPb-CNT-SAC interconnects and Ag-MWCNT-Ag interconnects of varying widths. 
 Width Area 
Mean 
Resistance 
Standard 
error 
Minimum 
Resistance 
Maximum 
Resistance 
 mm mm2 Ω Ω Ω Ω 
Laser 
etched 
SnPb-
MWCNT-
SAC 
0.05 0.0025 35.1 1.4 6.7 62.6 
0.10 0.01 7.9 0.3 2.8 15.9 
0.20 0.04 2.1 0.1 0.4 4.2 
0.40 0.16 0.57 0.03 0.08 1.44 
 
Laser 0.05 0.0025 37.3 1.5 9.1 74.3 
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etched 
Ag-
MWCNT-
Ag 
0.10 0.01 10.1 0.4 1.9 18.7 
0.20 0.04 2.4 0.1 0.5 5.0 
0.40 0.16 0.6 0.1 0.1 1.5 
 
 The MWCNTs were shown to have between 4 and 5 walls from the TEM 
measurements carried out in Chapter 3. Each wall is expected to contribute two conduction 
channels therefore giving an average of 9 conduction channels per MWCNTs. Hence if laser 
etching exposes the inner walls to the metals, the resistance of the interconnect as a whole 
is expected to decrease by a factor of 7. This is not observed in this case where the 
resistance of both the laser etched Ag-MWCNT-Ag and SnPb-MWCNT-SAC interconnects 
have average resistance values similar to the ones that have not undergone laser etching. 
Exposure to oxygen plasma has been shown to cause the opening of MWCNTs and the 
inner walls of the non-laser etched MWCNTs may also have been exposed to 
metallisation81. Further investigations using TEM is required to provide evidence of this.  
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Figure 0.21: a) I-V characteristics obtained from SnPb-MWCNT-SAC interconnects 
manufactured from laser etched MWCNT arrays of widths 50 µm, 100 µm, 200 µm and 400 µm 
showing linear characteristics. b) Mean resistance of interconnects as a function of the 
inverse of the cross-sectional area of the laser etched SnPb-MWCNT-SAC interconnects. c) I-V 
characteristics obtained from Ag-MWCNT-Ag interconnects manufactured from laser etched 
MWCNT arrays of widths 50 µm, 100 µm, 200 µm and 400 µm showing linear characteristics. d) 
Mean resistance of interconnects as a function of the inverse of the cross-sectional area of the 
laser etched Ag-MWCNT-Ag interconnects. 
6.8. I-V characteristics of Ag-MWCNT-Ag interconnects at high 
temperature 
 The use of sintered silver should provide high thermal capability for interconnect 
solutions. Silver has a melting point of 961 °C but sinters at temperatures of less than 275 
°C. High quality MWCNTs, on the other hand, should retain their crystalline structure in air at 
temperatures above 500 °C. Hence, it is expected that the interconnects made of silver and 
CNTs should maintain their integrity at temperatures up to 300 °C or higher.  In this section 
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the electrical characterisation of Ag-MWCNT-Ag interconnects performed at temperatures up 
to 300 °C, is discussed. 
 The samples were attached to a temperature controlled chuck and were heated to 
300 °C before being allowed to cool in steps. The resistance was measured at each step for 
12 different 200 µm × 200µm interconnect structures. The samples were allowed to dwell at 
each step for 30 minutes to allow thermal equilibrium to be reached. 
 
 
Figure 0.22: (a) Graph of current as a function of voltage for an Ag-MWCNT-Ag interconnect at 
24 °C and 300 °C showing linear characteristics of the interconnect. (b) Graph of resistance as 
a function of temperature for 9 Ag-MWCNT-Ag interconnects with varying initial resistance 
values showing almost no increase or decrease in resistance with increasing temperature. 
 The I-V characteristics of the Ag-MWCNT-Ag interconnects remained linear as the 
temperature of the interconnects were changed. This is represented in Figure 0.22a where 
straight lines were obtained for a single interconnect at 24 °C and at 300 °C. The resistances 
of the interconnects were measured as a function of temperature and are shown in Figure 
0.22b. For all the interconnects measured, little or no change was observed with increase in 
temperature showing that the interconnects still function at elevated temperatures and that 
their characteristics remain unchanged. 
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6.9. Conclusions 
 In this Chapter, a method was presented that allowed the binding of PTCVD grown 
MWCNT to copper substrates using solder. The MWCNTs were synthesised using the 
parameters described in Chapter 3 and the MWCNTs were functionalised using oxygen 
plasma in order to promote their adhesion to Pd metal. A high melting point solder (SAC305) 
was used to bind metallised MWCNT arrays to a copper substrate allowing transfer from 
their growth substrate. The functionalisation and metallisation steps were repeated before a 
low melting point solder (Sn63Pb37) was printed onto the tip of the MWCNT array. Following 
a second reflow process, SnPb-MWCNT-SAC interconnects were obtained. Arrays of 
MWCNTs that were not functionalised or metallised did not adhere to the solder during the 
first reflow stage. Four different size arrays were used for the interconnect fabrication. 
 Electrical characterisation was performed using the 4 point probe method and the 
SnPb-MWCNT-SAC structures were shown to have ohmic characteristics. The resistivity of 
the interconnect was measured to be 5 × 10-4 Ωcm resulting in resistance of 2.2 MΩ per 
MWCNT. Electrical reliability tests were carried out on the interconnect and the maximum 
current density allowable for the interconnect was determined to be 0.75 MA/cm2. 
 A second method to bind MWCNTs to substrates, using sintered silver, was 
investigated. Here MWCNTs were again functionalised and metallised before the binding 
process. A thin layer of sintered silver paste was used to bind the functionalised/metallised 
MWCNTs to a copper substrate by heating until the silver nanoparticles sintered. Once 
more, the non-functionalised and non-metallised MWCNTs did not adhere to the substrates 
after the heating process showing that both steps are essential for adhesion. Sintered silver 
paste was printed to the top side of the array to complete the interconnect before I-V 
measurements were performed on the Ag-MWCNT-Ag interconnect. The resistivity of the 
Ag-MWCNT-Ag interconnect was found to be 5.2 × 10-4 Ωcm resulting in resistance of 2.3 
MΩ/MWCNT. 
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 The Ag-MWCNT-Ag interconnects were heated to 300 °C before being allowed to 
cool in steps. I-V measurements were made as the temperature of the interconnect 
decrease. The interconnect was found to maintain its ohmic performance at high 
temperature. 
  
 
 
 
Chapter 7 
Concluding Remarks and 
Recommendations for Future Work 
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 Concluding remarks and recommendations for future 
work 
7.1. Conclusions 
 In this thesis a method for implementing MWCNTs for use as interconnects has been 
evaluated. MWCNTs have high current carrying capability and can offer high aspect ratios 
which can solve the CTE mismatch issues observed in current interconnect systems. 
Additionally, MWCNTs can function at high temperatures, potentially offering a solution for 
power electronic devices where new interconnect solutions are currently being sought for the 
replacement of high lead content solders. The main conclusions of this thesis are laid out 
below. 
 A review of the literature suggests most techniques for using MWCNTs as 
interconnects focus on the growth of the MWCNTs on their target substrate in vias followed 
by a metallisation process to form the top contacts. The method proposed here is unique in 
terms of the ability to transfer CNTs to their target substrates. A method consisting of four 
main steps was described consisting of the synthesis of the CNTs using PTCVD, a 
functionalisation step to improve adhesion, a metallisation step to promote adhesion of 
solders and sintered silver and a bonding step whereby the MWCNTs are attached to the 
substrate using either sintered silver or solder. 
 
 In order to match the electrical performance of copper, arrays of vertically aligned 
MWCNTs have to be used. The electrical characteristics of the MWCNTs depend on their 
lengths and on the crystallinity of the MWCNTs with longer MWNCTs with lower crystallinity 
resulting in higher resistances. The inner walls of the MWCNTs can also contribute to the 
overall resistance of the MWCNTs, hence removing the end caps can reduce the resistance 
of the MWCNTs. 
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 Several methods of synthesising CNTs are available namely arc discharge, laser 
ablation and chemical vapour deposition methods. However, for the synthesis of high 
density, vertically aligned MWCNTs, CVD methods are preferred which have the added 
advantage of producing MWCNTs at high rates. The PTCVD method for the synthesis of 
MWCNTs was used to produce MWCNTs at a rate of 10 μm/min and with lengths exceeding 
200 μm. This is among one of the best growth rates reported for the PTCVD method. 
However, producing MWCNTs at high growth rates has the disadvantage of reducing the 
quality of the MWCNTs. Raman spectra of the MWCNTs confirmed that the ratio of the D 
band to that of the G band of PTCVD grown MWCNTs, were higher than those produced 
using the same equipment. However, these were produced at lower growth rates and using 
different substrates and catalysts. Alumina barrier layers were found to be the best for 
synthesis of long MWCNTs at high rates. Silicon was found to be the worst performing 
substrate due to poisoning of the catalyst nanoparticles. 
 Functionalisation of the MWCNTs was carried out in an oxygen plasma after other 
methods were ruled out which would have altered the vertical arrangement of the arrays. 
Exposure to the oxygen plasma caused defects to be induced within the crystalline structure 
of the MWCNTs. Raman spectra of the MWCNTs showed that disorder in the crystalline 
structure increase with exposure time. Characterisation of the samples by XPS showed that 
functional groups such as carboxyl, carbonyl and hydroxyl were present after the oxygen 
plasma treatment and that their concentrations increased with exposure time. MWCNTs 
were found to have a large amount of defects for 1 minute treatments with some arrays 
being completely oxidised when exposed for longer periods. Pd was chosen as the metal for 
contact with the MWCNTs due to the low contact resistance obtained at the interface 
between MWCNT and Pd. XPS measurements show that Pd formed an oxide when 
evaporated onto the surface of the functionalised MWCNTs showing interaction between 
functional groups and the Pd. Pristine MWCNTs did not have such an effect on the Pd. 
 Pd also forms good metallurgical bonds with both solder and sintered silver, the two 
bonding systems investigated for the binding of MWCNTs to substrates. In the case of 
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solder, the wettability of solder to metallised MWCNTs was investigated by wettability 
testing. It was shown that solder did not wet pristine MWCNTs and therefore binding of 
pristine MWCNTs was not achievable. Metallisation of pristine MWCNTs also did not result 
in successful adhesion as was the case for functionalised MWCNTs, where no adhesion was 
obtained with solder. However, functionalisation followed by metallisation (Pd-Au) gave 
positive wetting forces during wettability testing. A thin layer of Au on top of the Pd resulted 
in good wetting forces without the use of soldering fluxes due to the fact that solder wets 
readily to Au. Pd layers on functionalised MWCNTs required the use of fluxes. 
Functionalisation of the MWCNTs for increasing lengths of time was also showed 
improvements in measured wetting forces. The wetting force measurements, XPS 
spectroscopy and Raman spectroscopy analysis of samples enabled the optimisation of the 
functionalisation and metallisation processes to get the best possible wetting forces between 
the solder and the MWCNTs. 
 Interconnects made using a high temperature melting point solder (for the bottom 
contact), MWCNTs and a low temperature solder (for the top contact) were electrically 
characterised. Linear I-V characteristics were observed for all SnPb-MWCNT-SAC 
interconnects and the resistivities were shown to be similar to what is reported in the 
literature for CNT interconnects in vias but higher than that of copper. Cap removal of 
MWCNTs, prior to functionalisation and performed using a laser, did not improve the 
resistivity of the interconnects and may have been due to the caps were already removed by 
the oxygen plasma etching. Ramp to failure tests showed that the interconnects were able to 
withstand a current density just one order of magnitude lower than that of copper. 
 Interconnects made using sintered silver paste for both top and bottom contacts and 
MWCNTs, showed linear I-V characteristics. Silver, once sintered, has a melting point of 961 
°C but sinters at temperatures below 225 °C. Since MWCNTs can conduct at high 
temperature, combining the two materials form interconnects that were shown to maintain 
their I-V characteristics at temperatures up to 300 °C.  
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7.2. Future work 
 Although many of the research fields presented in this thesis are significantly 
established, there are many aspects of this work which are novel and have not been 
researched before. Hence, despite the best efforts to cover all relevant areas, it is inevitable 
that some questions remain unanswered across the scientific areas covered. 
 As it has been shown by Raman spectroscopy in Chapter 3, the crystallinity of the 
MWCNTs produced were lower than would have been desired and as a consequence, the 
resistivity of the MWCNT bundles were higher than expected. It has been shown that the 
PTCVD technique can produce higher quality MWCNTs but at shorter lengths and lower 
growth rates. Using recipe and process optimisation, it may be possible to reduce the growth 
rate while maintaining the CNT length and improving the crystallinity to a point where the 
CNT interconnects can compete with copper interconnects. In particular, new catalyst 
combinations, such as Fe/Ni, could yield better growth. Annealing of MWCNTs, post growth, 
have been shown to improve their crystallinity196. Annealing of the MWCNTs between 1600 
°C and 3000 °C could be a solution to improving the crystallinity of MWCNTs. 
 Due to time constraints during the course of this project, the effect of oxygen plasma 
on the end caps of the MWCNTs were not fully investigated. As a result, it cannot be 
concluded whether the metallisation has the effect of contacting all the walls thereby 
improving the resistance of the structure. TEM imaging could be used to investigate the 
structure of MWCNTs before and after exposure to oxygen plasma to assess the effect of 
the plasma on the end caps. 
 CNTs in general are known to transport ten times as much heat as copper. This 
would be advantageous for ICs that produce a large amount of heat and which require 
transport of heat away from the IC to be dissipated. Using the vertical alignment of the 
MWCNTs in this case would promote the transport of phonons and the dissipation of heat. 
Measurements of the thermal characteristics of the vertically aligned MWCNTs would 
provide information about whether the interconnect systems described above would be 
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suitable for such applications either as a filler material for thermal transport or both for 
thermal and electrical transport. 
 During our experiments, the interconnects were found to be flexible when forces 
were applied, with the MWCNTs arrays buckling under strain. This is extremely useful in 
situations where CTE mismatches occur between the components and substrates. CTE 
mismatches often cause failure in circuit boards. Measurement of the shear strain of the 
vertical interconnects would provide useful information about the potential uses of these 
interconnect solutions in systems where CTE mismatch is an issue.  
 The long term reliability of the interconnects also needs to be assessed before this 
can be considered for implementation. In particular, thermal ageing of the interface between 
the solder and the Pd may be an issue due to the formation of brittle intermetallic 
compounds from the migration of Pd into the solder. Both isothermal ageing and thermal 
cycling are recommended so that lifetime predictions can be made for the interconnects. 
 
 
 
 
 
Appendix 1 
Summary of interconnection levels 
Interconnection steps or links can be defined as individual interconnect levels: 
 Level 0: Gate-to-gate interconnections on a monolithic semiconductor chip. 
 Level 1: Packaging of semiconductor chips into assorted packages (ceramic, plastic, 
metal modules with feed-throughs), DIPs (dual in line), SOICs (small outline 
integrated circuit), chip carriers, etc. and chip-level TAB (Tape-automated bonding) 
interconnects the chip to the lead frames. 
 Level 2: Printed circuit board (PCB), level of interconnections. Etched metal 
conductor traces connect electronic device leads to PCBs and to the electrical edge 
connectors for off-the-board interconnection. 
 Level 3: Connections between PCBs, including PCB to PCB interconnections or PCB 
card to “motherboard” interconnections. 
 Level 4: Connections between two subassemblies: one assembled electronic module 
to another assembled electronic module. 
 Level 5: Connections between physically separate systems via cables such as an 
auxiliary device to a machine interface; computer to a printer or to a monitor. 
However, no longer can industry be ‘level selective’ as emerging systems are demanding a 
combination of multiple levels of interconnection in the same module or package unit. 
 
  
 
 
 
 
Appendix 2 
Purchased MWCNT details 
Nanoamor MWCNTs data sheet 
 
Stock#: 1217QW03 
Vertically aligned multi-walled carbon nanotube (CNT) arrays on silicon substrate 
CNT purity: > 99% 
CNT OD: 7-10 nm 
CNT ID: 5-8 nm 
CNT length: 1.1mm 
Carbon nanotube site density: 1010 -1011 nanotubes/cm2 (distance between two adjacent 
CNTs ~ 200-300 nm) 
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Appendix 3 
CANIS technical drawings and parts details 
 
 
 
 
Part details: 
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A – Thor Labs PT1/M Single-Axis Translation Stage with Standard Micrometer 
 
 
Item # PT1/M 
Micrometer 150-801ME 
Resolution 
500 µm Translation 
per Revolution 
Travel 25.0 mm 
Engraving Every 10 µm 
Taps M6 (Qty. 16) 
Barrel Size 9.5 mm 
 
B - Thor Labs MB3045/M - Aluminum Breadboard, 300 mm x 450 mm x 12.7 mm, M6 
Taps 
 
C – Thor Labs MTS50-Z8 - 50 mm (1.97") Motorized Translation Stage 
 
 
Key Specifications 
Travel Range 50 mm (1.97") 
Velocity (Max) 2.4 mm/s 
Min Achievable Incremental Movement 0.05 µm 
Bidirectional Repeatability 1.6 µm 
Backlash <6 µm 
Horizontal Load Capacity (Max) 25 lbs (12 kg) 
Vertical Load Capacity (Max) 10 lbs (4.5 kg) 
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Key Specifications 
Included Actuator Built-In DC Servo 
Cable Length 500 mm (1.64 ft) 
Recommended Controller KDC101  
 
D - Tedea Huntleigh Compression Load Cell 0.3kg, 15V dc, IP66 
Low Capacity Single Point Aluminium 
Output impendence 350Ω 
Safe overload 150% rated capacity 
Ultimate overload 250% rated capacity 
Cable type 4 Wire; 28 AWG; Spiral Shield; PVC Jacket 
Low capacity, high precision, aluminium, single point load cell. A special humidity-resistant protective coating 
ensures long-term reliability. 
200 x 200mm maximum platform size 
Up to 30 000 weighing increments 
Dimensions 110x33x10mm 
 
Cable 
Length 
(m) 
Input 
Impedance 
(Ω) 
Insulation 
Resistance 
(Ω) 
Excitation 
Voltage 
(V) 
Compensated 
Temperature 
Range (°C) 
IP 
Rating 
Mounting 
Operating 
Temperature 
Range (°C) 
0.4 415 ± 20 >2 x 109 10 ac/dc +5 to +45 IP66 Direct -30 to +70 
 
 
 
 
E – Top sample holder - NPL  
 
 168 
 
 
All dimensions in mm. 
Material: steel 
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F -  Bottom sample holder – NPL 
 
 
All dimensions in mm. 
Material: Aluminium 
 
G -  Thor Labs L490/M - Heavy Duty Lab Jack 
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H - Thor Labs PT102/M - Right-Angle Bracket for PT Series Translation Stages, M6 
Mounting Holes 
 
 
I – Keyence High-speed, High-accuracy CCD Laser Displacement SensorLK-G3000 
series 
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Model LK-G32 
Reference distance 30 mm (Diffuse reflection),23.5 mm (Specular reflection) 
Measuring range ±5 mm (Diffuse reflection),±4.5 mm (Specular reflection) 
Light source Type Red semiconductor laser 
Wavelength 655 nm (visible light) Class 2 (JIS C6802) 
Laser Class Class II (FDA (CDRH) 21CFR Part 1040.10), Class 2 (IEC 60825-1) 
Control output 0.95 mW maximum 
Spot diameter (at standard distance) Approx. ø30 μm 
Linearity ±0.05% of F.S. (F.S.= ±5 mm)*1 
Repeatability 0.05 μm*2*3 
Sampling cycle 20/50/100/200/500/1000 μs (Selectable from 6 levels) 
LED display Near the centre of the measurement: Green lights  
Within the measurement area: Orange lights  
Outside the measurement area: Orange flashing 
Temperature characteristics 0.01% of F.S./°C (F.S.= ±5 mm ) 
Environmental resistan
ce 
Enclosure rating IP67 (IEC60529) 
Operating ambient temperatu
re 
0 to +50°C, No condensation 
Operating ambient humidity 35 to 85% RH (No condensation) 
Operating ambientluminance Incandescent lamp or fluorescent lamp: 10000 lux max. 
Vibration 10 to 55 Hz, double amplitude 1.5 mm; two hours in each direction of X, Y, 
and Z 
Material Aluminium die-cast 
Weight Approx 280 g (including the cable) 
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Appendix 4 
Spring loaded pin technical drawings 
 
 
This is the schematic of the spring loaded pin used in section 6.2.3.1 as purchased (all 
dimensions are in mm). The spring loaded pin was modified by cutting the barrel 9 mm from 
the tail end to remove the spring and allow access to the plunger. The tip of the plunger was 
also cut at the base of the wider section to expose the copper surface. This allowed the 
adhesion of solder to the copper plunger. 
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Appendix 5 
Published Works and Presentations 
Oral Presentations 
September 2012 – EngD Conference 2012, Guildford, UK. “Using carbon nanotubes in 
electronic circuits as an alternative to metal interconnects” 
September 2014 – EngD Conference 2014, Guildford, UK. “Nano-Carbon Electronic 
Interconnect” 
April 2015 – R2i conference, Leicester, UK. “High Temperature Carbon nanotube 
interconnects realised through functionalization and sintered silver attachment” 
Poster presentations 
May 2011 – NT11 conference, Cambridge, UK. “Using carbon nanotubes in electronic 
circuits as an alternative to metal interconnects” 
September 2011 – EngD Conference 2011, Guildford, UK. “A Novel Procedure for the 
Manufacture of Vertical Carbon Nanotube Interconnects” 
September 2013 – EngD Conference 2012, Guildford, UK. “Using carbon nanotubes in 
electronic circuits as an alternative to metal interconnects” 
June 2014 – NT14 conference, Los Angeles, USA. “Transposing CVD grown carbon 
nanotubes for interconnect applications” 
Publications 
Gopee, V.; Thomas, O.; Hunt, C.; Stolojan, V.; Allam, J.; Silva, S. R. P., Carbon Nanotube 
Interconnects Realized through Functionalization and Sintered Silver Attachment. Acs 
Applied Materials & Interfaces 2016, 8 (8), 5563-5570. 
DOI: 10.1021/acsami.5b12057 
Published: MAR 2 2016 
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